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Abstract

1a,25-Dihydroxyvitamin D3 (1a,25(0OH),D3) inhibits the expression of an immediate-early gene,
IEX-1, which is involved in the regulation of cellular growth and apoptosis in a variety of cells. 1a,
25(0H),D3 alters the subcellular localization of IEX-1 by causing an efflux of IEX-1 from the
nucleus, and the sterol decreases the expression of IEX-1 messenger RNA in cells via a novel DR3
repeat-type DNA response element.

Introduction

The role and mechanism of action of vitamin D3, and specifically 1a,25(0OH),Ds3, in calcium
transport is well established (Beckman and DeLuca 1998; DelL.uca and Zierold 1998; Haussler
etal. 1998; Jones etal. 1998; Jurutka et al. 2001; Kumar 1995; Norman and Silva 2001; Norman
etal. 1999). 1a,25(0OH),D3 is known to increase active calcium transport in the intestine by
regulating the expression of intestinal calcium-binding protein (9 K and/or 28 K calbindin),
the plasma membrane calcium pump, and epithelial calcium channels (Gross and Kumar
1990; Hoenderop et al. 2001, 2002; Johnson and Kumar 1994a, 1994b, Kumar 1991,
Wasserman et al. 1992; Wood et al. 2001). 1¢,25(0OH),D3 also plays an important role in
regulating bone calcium and phosphorus resorption, mainly by increasing osteoclast activity
and osteoclastogenesis (Gurlek and Kumar 2001; Suda et al. 1990, 1992, 1995). In addition,
1a,25(0OH),D3 also has direct effects on osteoblast function (Gurlek and Kumar 2001; Gurlek
et al. 2002).

The role of vitamin D and its metabolites in the control of cellular growth has been examined
less thoroughly. In general, 1a,25(0OH),D3 inhibits the growth of cells in culture in
physiological concentrations when serum is present in the cell culture medium (Gross et al.
1986; Haugen et al. 1996). When absent, or when present in low concentrations of serum, the
hormone enhances cellular proliferation when added to cell cultures in physiological amounts,
and it inhibits cell proliferation at high concentrations of hormone (Gross et al. 1986; Haugen
etal. 1996). In vivo, 1a,25(0OH),D3 has antiproliferative effects in various cell types such as
keratinocytes and in hyperproliferative states such as psoriasis, and it has variable effects on
the growth of various cancers in vivo and in vitro (Bikle 1992; Brown 2001; Holick et al.
1996; Kragballe 1992; Lamprecht and Lipkin 2001; Mehta and Mehta 2002; Reichrath 2001;
van den Bemd and Chang 2002).
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la,25(0H),D; Alters Cellular Growth Via Diverse Mechanisms

Vitamin D3 and active D3 metabolites such as 1a,25(0OH),Dj3 alter the growth rate of cells in
diverse ways which include: increases in the uptake of substrates such as amino acids into cells
(Bellido and Boland 1989; Birge and Haddad 1975; Dabbagh et al. 1990), changes in the
synthesis of various autocrine or paracrine growth factors (Gurlek and Kumar 2001; Gurlek et
al. 2002), alterations in growth factor receptor number (Gurlek and Kumar 2001; Gurlek et al.
2002), and alterations in the expression of intracellular growth regulatory molecules. 1¢,25
(OH),D3 has been shown to alter protein kinase C expression (Bellido et al. 1993; Khare et al.
1999; Obeid et al. 1990; Schwartz et al. 2002a, b; Simboli-Campbell et al. 1994; Wali et al.
1996) as well as polyamine synthesis in intestinal and other cells (Chida et al. 1984; Ittel et al.
1986; Shinki et al. 1985; Somjen et al. 1983; Steeves and Lawson 1985). C-myc expression is
decreased when 1a,25(0OH),D3 is added to cells grown in serum-containing medium (Brelvi
et al. 1986; Huh et al. 1987; Manolagas et al. 1987; Reitsma et al. 1983; Simpson et al.
1987). This is associated with a decrease in cellular proliferation. Expression of the Cdk
inhibitor, p21, is increased by 1a,25(0OH),D3 (Liu et al. 1996; Munker et al. 1998; Muto et al.
1999). An increase in cyclin expression occurs in association with G1 cell cycle arrest (Jensen
et al. 2001; Rots et al. 1999). Raf kinase expression and activities increases when hepatic cell
proliferation increases following the addition of 1a,25(0OH),D3 (Lissoos et al. 1993).

Given the role of vitamin D in the regulation of early gene expression, we analyzed
keratinocytes following treatment of these cells with 1a,25(0OH),D3. We used differential
display PCR to search for changes in the expression of messenger RNAs for growth factor or
intracellular growth-modulatory molecules following treatment of cells with 1,25(0OH),Ds.
We identified a gene, IEX-1, whose mRNA is consistently reduced following treatment of cells
with 1¢,25(0OH),D3 (Kobayashi et al. 1998). IEX-1 has recently been identified as a radiation
and differentiation-induced, and pituitary adenylate cyclase activating protein (PACAP) and
cholecystokinin-induced gene (Kondratyev et al. 1996; Kumar et al. 1998; Pietzsch et al.
1997, 1998; Schafer et al. 1999a). The structure and amino acid sequence of IEX-1 and the
sites at which it might undergo posttranslational modification are shown in Fig. 1. The product
of the gene, which is widely distributed in cells, has been shown to increase cellular growth
and to alter the rate of apoptosis in cells (Arlt et al. 2001; Feldmann et al. 2001; Grobe et al.
2001; Kobayashi et al. 1998; Kumar et al. 1998; Schilling et al. 2001; Wu et al. 1998; Zhang
et al. 2002).

Regulation of IEX-1 Expression by 1a,25(0H),D;

We examined the expression of IEX-1 mRNA in subconfluent cultures of normal human
keratinocytes following treatment with 1078 M 1¢,25(0H),D3 (Kobayashi et al. 1998). 1¢,25
(OH),D3 caused a rapid reduction in IEX-1 mRNA expression. The effect of 1a,25(0H),D3
on IEX-1 mRNA expression in confluent cultures of keratinocytes was similar to that found
in the case of subconfluent keratinocytes (Kobayashi et al. 1998).

Effect of Radiation and Other Agents on IEX-1 Expression

We examined the effect of ultraviolet light # and y radiation on IEX expression (Kumar et al.
1998). We found that ultraviolet # caused a prompt increase in messenger RNA concentrations
for IEX-1 in keratinocytes. We also found that y radiation induced IEX-1 expression, although
the increase was less marked with that seen with UVB radiation (Fig. 5). IEX-1 mRNA
expression is increased by epidermal growth factor, tumor-promoting phorbol ester, and
cycloheximide.
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Distribution of IEX-1 RNA and Protein in Various Cells

Western blot analysis of protein from keratinocytes using a polyclonal antibody against IEX-1
(Feldmann et al. 2001) showed two forms of the IEX-1 protein, an unglycosylated form with
an M, of approximately 17.4 kDa and a glycosylated form with an M, of approximately 30,000
kDa. We used this antibody to examine the expression of IEX-1 in various tissues, and found
that IEX-1 was highly expressed in genitourinary tissues, gastrointestinal tissues, skin and its
appendages, as well as in cultured keratinocytes (Fig. 2). Other tissues such as pancreas
expressed abundant amounts of IEX-1 in islets but not in ductal and acinar cells. Messenger
RNA distribution of IEX-1 in various tissues was similar to that observed for IEX-1 protein
using polyclonal antibodies against IEX-1.

Subcellular Distribution of IEX-1 in Keratinocytes

We showed that IEX-1 is normally present in a nuclear location in keratinocytes maintained
in culture, not only using a polyclonal antibody (Fig. 2) but also in cells expressing IEX-1
green fluorescent protein (Fig. 3C). We found that 1¢,25(0OH),D3 caused an efflux of IEX-1
from nuclei to the cytoplasm (Kumar et al. 1998).

Distribution of IEX-1 in Pathological Tissues

We found mat IEX-1 immunostaining was considerably increased in psoriatic tissues (Fig. 4).
In addition, IEX-1 immunostaining was abnormal in squamous cell carcinomas of the skin
(Fig. 5). Interestingly, IEX-1 expression was increased in ductal cells in chronic pancreatitis
and in ductal carcinomas of the pancreas (Fig. 6).

Biological Activity of IEX-1

We biosynthesized an expression plasmid for IEX-1 and showed that there was an increase in
IEX-1 expression in cells transfected with this plasmid. Cells transfected with the IEX-1
plasmid grew at a faster rate than cells transfected with a plasmid not containing the IEX-1
insert. There has been considerable interest in the ability of IEX-1 to alter the rate of apoptosis
in cells grown in culture and in vivo (Arlt et al. 2001; Grobe et al. 2001; Schafer et al.
1999b; Wu et al. 1998; Zhang et al. 2002). In recent experiments in which the IEX-1 transgene
was overexpressed in mice, the rate of apoptosis appeared to be reduced in lymphocytes
expressing IEX-1 (Zhang et al. 2002). We have found that overexpression of IEX-1 in HaCaT
cells was associated with no change in the rate of apoptosis in keratinocytes in the basal state
(unstressed state) (Schilling et al. 2001). However, cellular stress caused by treatment of cells
with ultraviolet light or camptothecin or following serum withdrawal was associated with an
increase in the rate of apoptosis (Schilling et al. 2001). These data are supported by information
from other laboratories (Arlt et al. 2001; Grobe et al. 2001).

Regulation of the IEX-1 Promoter by 1a,25(0OH),D3

We examined the IEX-1 promoter for various substances that might play a role in its regulation
(Im et al. 2002a). The organization of the promoter and binding sites for various nuclear
proteins are shown (Fig. 7). We localized a vitamin D response element in the promoter region
of the IEX-1 gene using deletion analysis and electrophoretic gel mobility assays. A vitamin
D response element that down-regulated the expression of the IEX-1 gene in response to vitamin
D was found from nucleotide —405 to nucleotide —390 in the IEX-1 promoter (Im et al.
2002b). The vitamin D response element is: 5' TGAACC ACG GAGTCAZ'. The complement
of the first hormone response element sequence is identical to the half-site hormone response
element of the osteopontin, rat 24-hydroxylase, p21, and parathyroid hormone promoter
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vitamin D response elements. The 3’ hexameric motif conforms to the canonical HRE-
RRKNSA, where R=A or G, K=G or T, S=C or G.

We have shown that IEX-1 is an immediate-early gene that is repressed by 1a,25(0OH),Ds. It
is induced by a variety of growth factors that induce growth in cells and is repressed by others
that inhibit growth. It is highly expressed in rapidly growing tissues and it is overexpressed in
certain tumors. It stimulates growth in normally growing cells, but induces apoptosis in cells
that have been stressed. 1«,25(0OH),D3 alters IEX-1 gene expression via a novel vitamin D
response element. It also alters the nuclear localization of the protein. Investigation of the
cellular role of IEX-1 in growth and differentiation and its regulation by vitamin D analogs
and steroids is a further fruitful area of research.
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Amino acid sequence of IEX-1 (Swiss Prot Acc #P46695) and sites at which the protein might
undergo posttranslational modification. The underlined sequence from residue 86 to 111 has
homology with rhodopsin-like G protein coupled receptors, and the boxed amino acids from
88 to 93 display the LLXLL maotif characteristic of coactivator proteins. A nuclear localization
signal, RKRSRR partially overlaps the PKC phosphorylation site. Also shown, in alternating
bold and italics, are the tryptic fragments greater than 500 Da, with the monoistopic mass and
pl of each unmodified fragment. These fragments represent approximately 93% of the 156-
amino acid protein. Calculated molecular weight, 16,927.48 kDa; estimated pl, 8.83
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Fig. 2.

A-D. IEX-1 Immunostaining in normal keratinocytes. A IEX-1 localized within nucleus. B
Negative control. C IEX-1 localized in nuclear and perinuclear regions. D Negative control.
All cells were fixed with methanol-acetone.
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Fig. 3.

A-C Fluorescent microscopy of HaCaT cells localizing IEX-1 protein. Replicating HaCaT
cells stained with: A IEX-1-1-specific antibody; B preimmune serum; C HaCaT cells
transfected with GFP-IEX-1 chimeric plasmid and visualized directly by fluorescent
microscopy 48 h later. (From Kumar et al. 1998, with permission)
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Fig. 4.

A-D IEX-1 immunostaining in psoriatic skin. A Hyperplastic and acanthotic epidermis
showing intense IEX-1 staining within basal cell and suprabasal layers. B Negative control,
no primary Ab. C High-power rete peg showing strong perinuclear staining. D Upper granular
layer with strong nuclear localization of IEX-1 protein.
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A, B IEX-1 Immunostaining in squamous cell carcinoma. A IEX-1 staining within hyperplastic

tumor fronds. B Negative control.

Fig. 5.
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Fig. 6.

A-L. Immunohistochemistry of pancreatic tissues using a specific antigen-affinity purified
antibody to IEX-1 (A-I, K). Immunostaining in J and L is with IEX-1 antibody preabsorbed
with antigen. A normal pancreatic tissue (x200). Arrow shows intense staining of an islet of
Langerhans. Arrowhead shows modest staining of ductal epithelium. Blocked arrow shows
some staining of acinar cells. B Normal pancreatic tissue (x400). Arrows indicate same tissue
as in A. C Normal pancreatic tissue (x400). Note immunostaining of some ductal epithelial
cells. D, E Pancreatic acinar adenocarcinoma (x200). Note immunostaining of tumor cells
(arrowhead). F Pancreatic acinar adenocarcinoma (x400). Note immunostaining of tumor cells
(arrowhead). G Chronic pancreatitis (x200). Note immunostaining of hyperplastic ductal
epithelial cells (arrowhead). Nuclear and cytoplasmic staining is evident. H Chronic
pancreatitis (x200). Note immunostaining of hyperplastic ductal-epitheliai cells (blocked
arrow and arrowhead). Nuclear and cytoplasmic staining is evident. Not all ductal cells are as
intensely stained. I Chronic pancreatitis (x400). Note immunostaining of hyperplastic ductal
epithelial cells (arrowhead). Nuclear and cytoplasmic staining is evident. Not all ductal cells
are as intensely stained. J Chronic pancreatitis (x200). Preabsorbed serum. K Pancreatic
carcinoma metastatic to the liver (x400). Note immunostaining of carcinoma cells
(arrowhead). L Pancreatic acinar adenocarcinoma (x400). Preadsorbed antiserum.
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Fig. 7.

Positions of putative transcription factor binding sites discussed in the text are indicated.
Putative HRE (VDRE) is shown as black oval. A TATA box is located 25 bp upstream from
the transcription initiation site (TIS). Promoter activities of the IEX-1 promoter deletion
constructs fused to firefly luciferase reporter gene transiently transfected in HaCaT cells.
Left, the length of the tested promoter fragments is shown. Numbers indicate the relative
positions with respect to the transcription start site. Right, luciferase activity is shown as n-fold
value compared to cells transfected with the promoterless pGL3-basic vector (which was
assigned an activity value of 1.0). Data represent the means of three independent experiments
in duplicates, with at least two different plasmid preparations
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