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1. ABSTRACT and provides new ingght into the molecular mechanism
of action of vitamin D.
Vitamin D exerts its genomic effects following
binding to a specific receptor which is a member of the 2. INTRODUCTION
steroid hormone receptor superfamily. The vitamin D
receptor (VDR) forms heterodimers with retinoid X 2.1. Vitamin D and bone cells
receptors (RXRs) and the dimer then interacts with its The hormond form of vitamin D, l1a,25
cognate binding site, termed vitamin D response element dihydroxyvitamin D; (1,25 (OH).Ds, aso named
(VDRE), to affect the transcription of target genes. cdcitrial), is a known modulator of osteoblastic growth
and function. A number of effects have been described
Recent studies have identified novel sequence when primary cultures of bone cdls or established
motifs for VDRES as wel as novel protein-protein osteoblagtic cell lines are treated with 1,25 (OH).Ds in
interactions involving the VDR. These will be reviewed vitro. Vitamin D treatment inhibits type | collagen
with particular enphasis on the complex VDRE from the expresson by oseoblasts (1-5) but enhances the
c-fos proto-oncogene promoter region and the inhibition expression of genes that are specific markers of
of the vitamin D signa trensduction pathway by the odecblagtic  differentiation. These include dkaline
multifunctional protein, calreticulin. phosphatase (6-9), osteopontin (10, 11), osteocalcin (12,
13), and matrix-Gla protein (14-16). Overdl, the direct
Thus research on the control of gene effects of 1,25 (OH),D3 on bone cells are consistent with
transcription by vitamin D reved's examples of molecular the induction of differentiation of osteoblasts in vitro.
interplay between transcriptional regulatory pathways Accordingly, the metabolite has been shown to stimulate
minerdization in cultures of clond osteoblast-like cdlls
Received: 7/5/96; Accepted: 7/12/96 7).
2 To whom correspondence should be addressed, at
Genetics Unit, Shriners Hospita, 1529 Cedar Ave, 2.2. \/\DREs
Montréal (Québec), Canada H3G 1A6, Td #: (514) 842- Vitamin D mainly exerts its pleiotropic effects
5064, Fax #:. (514) 8425581, E-mal: rs- following binding to a specific receptor which is a
arnaud@shrinersmcgill.ca member of the steroid hormone receptor superfamily
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Table 1: DR3-type VDRES

Gene VDRE sequence Refs
m Osteopontin GGTTCAcgaGGTTCA 21
r Ogteocalcin GEGTGAat gAGGACA 22
h Osteocalcin GGTCAacCgGEEECA 39,40
r Calbindin Dy GGGTGTcggAAGDCC 23
¢ Integrin bs GAGCAgaaGGEGAGA 24
r 24-hydroxylase ~ OGCACCCgc TGAACC 25

& abbreviations used: m, mouse;, h, human; r, rat; c,
chicken.

(reviewed in ref. 18). The ligand-bound vitamin D
receptor (VDR) then interacts with its cognate binding
dte, termed vitamin D-response element (VDRE), to
affect the transcription of target genes (19).

A number of naturd and synthetic VDRES
have been identified. These response elements consist of
direct repests (DR) of two hexameric core binding sites
spaced by varying numbers of nuclectide residues.
Binding studies using the VDR DNA binding domain
have reveded the order of relative binding affinities for
various hexameric core binding stes, with GGTTCA >
AGGTCA > AGGACA >GGGTGA (20). The DR3-type
element, exampled by the mouse osteopontin VDRE
(21), consists of two GGTTCA hexameric core sites
spaced by 3 residues. DR3-type elements have been
described in the promoters of the rat osteocacin gene
(22), the rat cabindin D-9k gene (23), the avian integrin
b3 subunit gene (24) and the rat cacidiol 24-hydroxylase
gene (25) (Table 1).

Severa DNA sequences that diverge from the
canonical DR3-type ements have dso been shown to
bind the VDR and to mediate vitamin D-dependent
transcriptional  activation. These non-classca  VDREs
will be described in section 3 below.

2.3. VDR dimerization

In addition to the binding of the VDR to
certain VDRES as a homodimer (26), it has been known
for some time that the in vitro binding affinity of the
VDR is enhanced by the addition of nuclear extracts,
suggesting the existence of nuclear accessory factors (27).
Some of these accessory factors have now been
identified. The VDR forms heterodimers with retinoid X
receptors (RXRS) (28-30). The RXRs are a family of
nuclear receptors binding the retinoid 9-cis retinoic acid
(31-33). The molecular crosstak involving the VDR is
further evidenced by results showing that it can
heterodimerize with retinoic acid receptors (RARS) (34)
and thyroid hormone receptors (TsRs) (35). The VDR
dimerizing partner seems to affect the binding affinity to
and the transcriptional response of particular VDRES (35,
36).
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3. NON-CLASSICAL VDREs

3.1. In various promoters

Rhodes et al. (37) have recently described a
composite retinoic acid (RA)- and vitamin D-response
element (RDE). This dement has a DR4-type structure
with two AGTTCA hexameric stes (on the non-coding
srand) spaced by 4 resdues. The transcriptiona
response to 1,25 (OH).Ds; mediated through the RDE was
exceptionaly high and the element was shown to bind
VDR-RXR heterodimers, but not VDR homodimers (37).
A DR4-like dement has dso been described in the
promoter of the cabindin D-28k gene (38). The VDR
was shown to bind that dement but the putative
dimerizing partnersinvolved were not characterized (38).

In contrast, the DR6-type dement of the
human ogteocalcin VDRE conssts of two GGGTGA
hexameric consensus sites spaced by 6 residues (39, 40).
It has been shown to bind preferentidly to VDR-RAR
and VDR-T3R heterodimers (34, 35), as well asto VDR
homodimers, although with lower affinity (26; 35).

Other gructurd moetifs that have been shown
to mediate transcriptiona induction by the VDR aone,
and thus inferred to bind VDR homodimers, include a
pdindrome of the GGGTGA core ste with no
intervening residue and an inverted paindrome of the
same hexameric ste spaced by 12 residues (26).
Following this initid observation that inverted
paindromic elements can mediate the transcriptional
response to vitamin D, the laboratory of Carsten Carlberg
in Geneva initiated an exhaudtive search for inverted
palindromes that would respond to each of the vitamin D
transcriptional pathways (VDR homodimers and VDR-
RXR, VDR-RAR, and VDR-T3R heterodimers). First
utilizing synthetic eements, they have shown that VDR-
RAR dimers exhibit preferentid binding affinity for
moatifs in which the core hexameric sites are spaced by 11
residues (inverted palindrome 11 or 1P11) (41), whereas
VDR-RXR and VDR-T3R heterodimers show maximal
affinity for IP9 and IP7 motifs, respectively (35; 41).

Until recently, the physiologica significance of
these unusua response dement motifs remained unclear.
Evidence for a functiona role of these non-classcd
VDREs in mediating natura vitamin D-dependent
transcriptiona activation was accumulated through the
identification and characterization of two natural inverted
paindrome VDREs (Table 2) (42). These elements,
identified in the promoter regions of the human calbindin
D« gene and the rat osteocdcin gene both consist of
inverted palindromes spaced by nine residues (IP9s) (42).
The functional response through the 1P9 ements was
demonstrated both in the context of the native promoter
regions and with chimeric promoters in which one copy
of the IP9 binding site was subcloned upstream of an
heterologous promoter (42).
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Table 2: Non-classicd VDREs from natural promoters

Gene? VDRE Seq VDRE type’ Refs
m Calbindin D28k GGGGGAIggAGGAGA DR4 33
m Pit-1 TGAACTCtcaTGAACT DR4 37
h Osteocalcin GGGTGACcaccGGGTGA DR6 39,40
h Calbindin D9k TGCCCTtecttatggGGTTCA 1P9 a2
r Ogteocdcin TGCACTgggtgaatgAGGACA 1P9 a2
m cfos AGGTGAAAGATGTATGCCAAGACGGGGGTTGAAAG na 43

& abbreviations used: m, mouse; h, human; r, rat; n/a, not applicable. b e text

As previoudy obsarved with the synthetic
elements, the natural IP9s preferentidly bound VDR-
RXR heterodimers with high affinity (42). Binding of the
receptors to the sites dlowed transcriptiona activation by
vitamin D and the transcriptiona response was further
enhanced by addition of 9-cis retinoic acid (9-cis RA)
(42), the RXR ligand (31-33). The authors utilized the
response of the IP9 element to both vitamin D and 9-cis
RA to reconcile their data with previoudy published
observations: indeed, two groups had previoudy shown
that binding of 9-cis RA to the RXR would destabilize
the VDR-RXR heterodimerizetion and thus blunt the
transcriptiona response mediated by vitamin D through
classica VDREs (30; 43). Schréder et al. (42) found that
the response to 9-cis RA is dependent on the VDR to
RXR ratio. When the VDR is in excess of the RXR
(16:1), concomitant treatment with 9-cis RA inhibited the
transcriptiona response to vitamin D. On the other hand,
excess of RXR moalecules relaive to VDR (4:1) led to
additive effects of treatment with both ligands on the
activation of transcription mediated through the 1P9 (42).
This observation suggests that both the 9-cis RA ligand
and the levels of expression of its specific receptor, RXR,
play important roles in vitamin D-dependent gene
transcription.

It should be mentioned that the core binding
matifs of characterized VDREs diverge from the
consensus motif GGTTCA (Table 1). Smilarly, the IP9
elements are imperfect inverted palindromes (42). This
vaidion from the consensus sequence in each ‘haf-site
of the response eements seems to dlow for specific
binding polarities of the nuclear receptors; VDR-RXR
heterodimers bind their response dements with RXR
occupying the 5-"haf-site’ while the VDR occupies the 3-
moatif (44). The same binding polarity was observed for
the IP9 binding dements (42). The polarity-directed
binding of the nuclear receptors to their cognate binding
ste may have implications for the specific celular
response to particular ligands (36).

3.2. In the promoter of the c-fos proto-oncogene

We have been interested in studying the effects
of vitamin D trestment on the expression of the members
of the fos and jun families of proto-oncogenes in bone
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cdls. c-fos encodes a nudlear phosphoprotein (c-Fos) that
heterodimerizes with the members of the jun family of
proto-oncogenes to form the transcription factor AP-1,
which binds specific sites in the promoter region of target
genes to regulate their transcription (reviewed in ref. 45).
There is a growing body of experimenta evidence
demongtrating that the c-fos proto-oncogene plays a key
rolein the regulation of bone tissue metabolism (46). We
have shown that 1,25 (OH).D3 can transiently stimulate
the expresson of cfos in osteoblasts and that this
simulation is mediated at the level of gene transcription

(47).

We have pursued this work by identifying and
characterizing the VDRE in the promoter of c-fos (48).
The 1,25 (OH).Ds -responsive region was ddinested
between residues -178 to -144 upstream of the c-fos
transcription start Site. Transient transfection assays using
wild-type or mutated versons of the c-fos VDRE in the
context of natura or chimeric promoters demonsirated
that the c-fos VDRE is a functiond response eement.
The structure of the c-fos VDRE was found to be unusua
with the following sequence:

5 AGGTGAAAGATGTATGCCAAGACGGGGGTTGAAAG 3.

When anadyzed in the context of the DR-type
structures, three putative hexameric core sites can be
identified (underlined). These would give the c-fos
VDRE either a DR7-like conformation or a DR20-type
configuration. However, mutationa analysis has reveded
that these dlignments are not valid (48).

We have not detected homodimeric binding of
the VDR to the c-fos VDRE (48). Our data aso revealed
that VDR-RAR and VDR-T3R heterodimers do not bind
the c-fos VDRE (not shown). Moreover, while both the
VDR protein and the RXR molecule were detected in the
complex from bone cells that bound the c-fos VDRE, the
VDR-RXR heterodimer bound to the element in vitro
yielded a complex of a different size than the complex
observed in nuclear extracts from bone cdls (48). We
interpreted these observations to mean that the vitamin
D-responsve complex binding the c-fos VDRE in
nuclear extracts from bone cedls was composed of the
VDR and RXR proteins interacting with a third
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Murine
Yo Yalhph
Human

-178 AG GTGAAAGATG TATGOCAAGA CGGEECGITGA AAG - 144
Y3/3/3/3/3/>
-185 GA GATTAGGACA CGCGOCAAGG CGGEEEECAGG GAG - 151

B344350 Yo Y

Fig. 1: Sequence comparison between the murine c-fos VDRE and the human c-fos promoter sequence. Alignment of the
putative human c-fos VDRE with the murine sequence was performed by computer analysis using Tetra software (SoftGene

Gmbh, Berlin, Germany).

component. Indeed, our data also showed that a putative
osteoblast  specific NF-1 family member bound the
response eement in conjunction with the nuclear
hormone receptors (48). These results will be discussed
in more detail in section 4.2 below.

A region showing sequence similarity to the
murine c-fos VDRE can be identified in the human c-fos
promoter (Fig.1). This sequence aso binds the VDR and
mutations affecting binding to the murine VDRE dso
inhibit binding to the human sequence (Fig.2). Although,
the functionality of the human eement remains to be
established, these results support the physiologica
importance of the c-fos VDRE.

4. PROTEIN-PROTEIN INTERACTIONS OF THE
VDR

Asociation with multiple protein  targets
aopears like a common mechanism through which
activators can fully dimulate transcription. The
dimerization of the VDR with itsdf or with RXR, RAR,
and TaR has been described above. This section will
review the interaction of the VDR with other partners.
These protein-protein interactions are hypothesized to
play key regulatory roles in the control of vitamin D-
dependent gene transcription.

4.1. Interactions with the basic transcriptional
machinery

Recent genetic and biochemica evidence has
reveded that the activation of gene expression involves
sequence-specific DNA binding transcriptional activators
such as the VDR, the basic or generd initiation factors
TFIA, B, D, E, F and H, and a third class of molecules
that mediate interaction between the activators and the
basal factors via direct protein-protein contacts (reviewed
in ref. 49). At least one of the protein targets of the VDR
within the basic transcriptiona machinery has been
identified: using the powerful yeast two-hybrid screening
methodology (50), MacDondd et al. (51) have shown
that the VDR interacts directly with TFIIB. The domains
of the two proteins involved in the interaction were
identified using deletion mutants both in vitro and in vivo
(51, 52). Interestingly, cooperative interactions between
VDR and THIB were demondrated using transient
transfection assays in embryonic cells; cooperdivity was
modulated by cdll-type-specific accessory factor(s) (52).
These accessory factors could be functiondly equivaent
to the transcriptional coactivators that have been shown
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Fig. 2: The VDR complex from bone cells interacts with
the putative human c-fos VDRE. Gd retardation assay
using as probe an oligonucleotide corresponding to the
putative human c-fos VDRE. The probe was incubated
with nuclear extracts from bone cdls (lane 1) in the
presence of ether pre-immune serum (lane 2), anti-VDR
antibody (lane 3) or cold, unlabeled oligonuclectides
corresponding to the wild-type murine c-fos VDRE (wit,
lane 4) or mutant sequences that were shown to be
defective for the binding of the vitamin D-responsive
complex from bone cdls (m4 and m5, lanes 5 and 6,
respectively) (see ref. 48). Sequence of the m4 and m5
mutants wee 5-AGATGAAAGATGTAT
ACCAAGACGGGGATTGAAAT-3 and 5-AGGTGA
AAGATGTATACCAAGACGGGGGTTGAAAG-3,
respectively. Mutated residues are underlined.

to be essentia for activated gene transcription (49; 53).
Cell-specific  coactivators have  recently  been
characterized (54, 55). The identification of coactivator
molecules interacting with the VDR will undoubtedly
increese  our comprehenson of the molecular
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mechanismamplicated in  vitamin  D-simulated
transcriptiona responses.
4.2. Interactions with NF1

Recent work suggests that interactions

between different families of transcription factors and
steroid hormone receptors may provide another level of
regulaion of receptor function. One such class of factors
isthe NF1 gene family.

The nuclear factor 1 (NF-1) family of proteins
have been shown to be implicated in the transcriptional
activation of many celular and vird genes (56-58) as
well asin the stimulation of adenovirus DNA replication
(59). NF-1 family members bind the CCAAT box (hence
their origind desgnation a CCAAT-binding
transcription factors or CTF), making contact with TGG
residues on the opposite strand to activate transcription
(59). The name 'CCAAT-binding transcription factors
was deemed confusing considering the fact thet a variety
of transcription factors, some of which definitely
unrelated to NF-1, had been shown to bind the CCAAT
moatif (examples include C/EBP and CBF/NF-Y). Thus
NF-1 was sdlected as the ‘family name and the various
gene family members received letter designations based
ether on ther sequence of publication or some
connection with previous names. Thus CTF/NF-1 has
been replaced by the name NF1-C. The NF-1 proteins
condgst of a family of related polypeptides generated by
the dternative splicing of RNA (60). To date, four family
members encoded by multiple genes have been cloned
(62).

Mutation of the NF-1 binding site in the mouse
mammary tumor virus (MMTV) long termind repesat
abolishes the glucocorticoid responsiveness of this
promoter (62). Similarly, mutating the NF-1 site within
the vitellogenin promoter inhibits estrogen inducibility
(63). Thus functiona interactions between nuclear
hormone receptors and NF-1 family members appear to
influence transcriptiona activation by steroid hormones.
Such synergism has dso been described between the
VDR and NF1-C, as the VDR transactivates 10 times
more strongly when a NF-1 binding site is added to a
reporter plasmid containing a DR-3 type VDRE (64).

As previoudy mentioned, we identified VDR
and RXR as components of the complex that bound the c-
fos VDRE (48). However, our results also showed that a
putetive NF-1 family member bound the response
eement in conjunction with the nuclear hormone
receptors. Interestingly, the study of the promoter
elements implicated in the control of the expresson of
the human c-fos gene has reveded the importance of an
element centered a a postion corresponding to the
murine c-fos VDRE and hypothesized to bind members
of the NF-1 family (65).

Three lines of evidence support the
involvement of a NF-1 family member as a component of
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the 1,25 (OH).Ds -responsive complex hinding to the c-
fos VDRE. Firdt, the core sequence of the response
dement (5-GCCAAG-3) regponsble for binding
specificity (48) is a high affinity NF-1 binding site (59).
Second, a canonicd NF-1 binding ste (from the
adenovirus E5 promoter) efficiently competed for the
binding of the vitamin D-responsive complex to the c-fos
VDRE (not shown). Findly, antibodies directed against
NF-1 recognized the VDRE-bound complex in ge
retardation assays (48). However, our results suggest that
previoudy identified members of the NF-1 family (NF1-
C1, NF1-C2, and NF1-C3) cannot interact with VDR and
RXRa to bind the c-fos VDRE: mixing of recombinant
VDR and RXRa proteins with nuclear extracts from
Hel a cdlls, which express high levels of functional NF1-
C1, 2, and 3 binding activity (60), failed to reconditute
the binding activity to the c-fos VDRE (48). Moreover,
we have expressed the cDNAs for NF1-C1, NF1-C2, and
NF1-C3 usng in vitro transcription and trandation
systems and have failed to demonstrate interactions with
the recombinant receptors (not shown). Moreover, the
vitamin D-responsive complex binding the eement could
only be detected in nuclear extracts from bone cells (48).
This supports the notion of a bone-specific NF-1 family
member involved in the regulaion of target genes in
osteoblasts.

Our results suggest amodel of trimeric binding
where the NF-1 family member anchors the complex to
the response dement, and the VDR and RXR proteins
are then tethered to the site by a combination of protein-
protein and protein-DNA interactions. This model raises
the intriguing possibility that interactions with the
nuclear hormone receptors would endow a ligand-
independent transcriptiona activator, the NF-1 family
member, with dual ligand-switching capabiilities, i.e. the
cgpcity to respond both to 1,25 (OH).Ds and 9-cis
retinoic acid.

The characterization and molecular cloning of
the osteoblast-specific NF-1 factor interacting with the
VDR, an ongoing effort in our laboratory, should further
our understanding of osteoblagtic differentiation and
provide new insight into the control of bone-specific gene
expression and the molecular mechanism of action of
vitamin D.

4.3. Interactions with calreticulin

A number of locd and systemic factors have
been shown to influence gene expression in osteoblasts.
Of particular importance are the effect of attachment of
preostechlasts to various components of the extracellular
matrix as well as the modulaion of gene expresson
mediated by members of the nuclear hormone receptor
family.

Binding to extracdlular matrix components
mediated through the integrin family of cel surface
receptors modulates gene expression and differentiation
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of bone cdls. For example, differentiation of canalicular
cel processss was observed following contect of
osteoblagtic cells with laminin (66). At the molecular
level, both congtitutive and retinoic acid (RA)-induced
gene expression is affected when preostecblastic cdls are
plated on various subsrates (67). These observations
suggest that factors that can influence substratum
attachment via integrin receptors as well as factors that
modulate the function of nuclear hormone receptors may
have dramatic effects on gene expression, differentiaion
and function of osteoblasts. We have shown that the
multifunctional protein careticulin can regulate the
affinity state of integrins (68, 69) and inhibit DNA
binding by nuclear hormone receptors (70). Interestingly,
our most recent results dso show that careticulin plays
an important role in osteoblast function and bone
formation (71).

Careticulin has been considered to be a mgor
cacium binding protein of the endoplasmic reticulum of
non-muscle cdls (72-74). The functions of careticulin,
however, sill remain obscure, and as described below,
the protein has al the hallmarks of a multifunctional
protein. The primary sequence of cdreticulin contains
putetive recognition sequences for phosphorylation by
protein kinase C (in the N terminad domain), casein
kinase |1, and tyrosine kinase (74). In addition cdreticulin
aso appears to have a sequence with marked similarity to
the active site of protein kinase C. In fact, calreticulin has
recently been described as a phospho-protein with
possible autokinase activity (75). Other functional motifs
in cdreticulin include a nuclear targeting signd, a
proline-rich region, and a concentration of acidic residues
in the C-termind of the protein, ending with the ER
retention signal, KDEL. Consigtent with these putative
signds, cdreticulin has been locdized in the ER and
recently dso in the nucleus (76). Thus, these interesting
features of cdreticulin suggest that it may have multiple
functions resulting from covadent modifications, e.g. by
phosphorylation or cacium binding, and depending on its
intracellular localization.

Careticulin has previoudy been demonstrated
by us to function as an integrin binding protein.
Specificdly, cdreticulin binds to the highly conserved
KXGFFKR motif present in the cytoplasmic domains of
al integrin a-subunits (77). A computer andysis of
protein data banks for the presence of the KXGFFKR
sequence motif in other proteins revealed that a highly
homologous sequence, KGFFKR, was present in the
DNA binding domain of dl known members of the
steroid receptor family (78). In some of the receptors
there is a conservative subgtitution of the G (glycine) to a
V (vaing) or an A (aaning). Also of interest is the
observation that the second amino acid in the integrin
motif KXGFFKR which is the most variant in this
family, is not present in the steroid receptors. This motif
appears in the DNA binding domain of steroid receptors
between the two Zn* fingers, but adjacent to the first
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Zn?* finger. Site-directed mutagenesis of amino acids in
this motif results in either the dteration of DNA
sequence specificity, or the complete abrogation of the
binding of the receptor to its DNA dement (79). Thus,
this sequence motif is a DNA binding matif involved in
the binding of steroid receptors to DNA during the
transcriptional  regulation of target genes by these
receptors. By andogy with the interaction of cdreticulin
with the KXGFFKR sequence in the cytoplasmic domain
of integrin a-subunits, it was felt that careticulin may
aso bind to steroid receptors via this motif and thus
modulate gene expression. Thus some aspects of cdlular
differentiation and function may be regulated by a
cdreticulin-dependent  signd  transduction  pathway
linking the binding of extracellular matrix components by
the integrin family of cdl surface receptors to the
coordinate regulation of gene expression in the nucleus
(Fig-3) (80).

Indeed, we and others have demonstrated that
cdreticulin can interact with members of the steroid
hormone and nuclear receptor family and inhibit their
binding to DNA response elements (70, 71; 81-83). This
inhibition results in an inhibition of transcription via
these receptors. Careticulin has now been demonstrated
to interact in a functiona manner with the androgen
receptor (70), the GR (81), the RAR (70), the peroxisome
proliferator-activated receptor (83) and the VDR (71; 82).
Purified cdreticulin inhibited the binding of the VDR to
characterized VDRES in gel retardation assays (71; 82).
This inhibition was due to direct protein/protein
interactions between the vitamin D receptor and
cdreticulin (71) and resulted in the abrogation of the
vitamin D-dependent transcriptiona activation through
the VDRE (71; 82). Hence cdreticulin may be a mgor
regulaor of gene expresson via nuclear hormone
receptors and as such may have a profound effect on

many agpects of cdlular physology, including the
response of bone cdllsto vitamin D.

We have used a gain-of-function strategy to
examine this putative role of careticulin in the regulation
of vitamin D-dependent transcriptional activation and
minerdization in osteoblastic cdls. Northern blot assays
reveded that expresson of cdreticulin transcripts
declined during the differentiation of MC3T3-E1
ogteoblastic cells (71). Interestingly, preliminary data
from our laboratory suggests expression of calreticulin
transcripts in preosteoblastic cdls from embryonic bone
(not shown), supporting the results obtained with the in
vitro model of osteoblastic differentiation.

Ogeoblagtic cells were transfected  with
cdreticulin expresson vectors, stable transfected cell
lines overexpressng recombinant careticulin were
established and assayed for vitamin D-induced gene
expression and the cgpacity to minerdize. Condtitutive
cdreticulin expression inhibited basd and vitamin D-
induced expresson of the osteocacin gene, whereas
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Fig. 3: Schematic representation of the cdreticulin-binding motif (KXGFFKR) in the cytoplasmic domain of integrin apha
subunits and the DNA-binding domain of nuclear receptors (see text). The diagram dso illustrates that occupation of integrin
KXGFFKR by cdlreticulin locks the integrins into a ‘high-affinity' state that allows ligand binding. Interaction of cdreticulin
with the KXFF[K/R]JR motif of nuclear hormone receptors inhibits receptor activity and receptor-dependent gene

transcription.

osteopontin gene expression was unaffected. This pattern
mimicked the gene expresson pattern observed in
parental cdls prior to down-regulatiion of endogenous
cdreticulin expression. Our results have demonstrated
that cdreticulin inhibits VDR binding to both the
osteopontin and the osteocalcin VDRE (71). However,
the two genes responded dissmilaly when the
cdreticulin-expressing clones were chdlenged with
vitamin D (71). Despite differences between the
sequences of the two VDREs (22; 39; 84) that could
affect VDR binding affinity to each response dement
(20), we were unable to detect any difference in the
cgpacity of cdreticulin to inhibit VDR binding to each
VDRE. Thus the structure of the response € ement cannot
seem to account for the variation in transcription. It is
more likely that the expression of each geneisdictated by
the structure of the entire promoter region, and not just a
single dement. Indeed, developmenta and physiologic
responsiveness of the osteocalcin gene to 1,25 (OH).Ds
has been shown to involve, in addition to specific ligand-
receptor interactions and binding to DNA response
elements, a complex set of event including enhanced
receptor  gene  expresson,  criticd receptor
phosphorylation, formation of multiple receptor-protein
complexes, as well as overlgpping DNA eements at the
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VDRE locus (85 and references therein). It is likely that
cdreticulin influences only one aspect of this complex
regulatory pathway, namely the interaction of the ligand-
bound receptor to its response dement, as we have
demonstrated in vitro.

Aberrant cdreticulin expression in bone cels
perturbs the differentiation and function of these cdlls. In
long-term cultures of parental or vector-transfected cells,
1,25 (OH),D3 induced a 2- to 3-fold stimulation of ®Ca
accumulation into the matrix layer (17; 71). Condtitutive
expression of cdreticulin inhibited the 1,25 (OH):Ds -
induced “Ca accumulation (71). This result correlated
with the complete absence of mineraization nodules in
long-term cultures of careticulin-transfected cells (71).

As previoudy mentioned, cdreticulin binds to
apharintegrin subunits (68) and recent results suggest
that this interaction can modulate the afinity state of
integrins (69). Moreover, cdreticulin can modulate
nuclear hormone receptor-dependent gene expression
(70, 71; 81-83). Taken together, these observations
support the existence of a cdreticulin-modulated signal
transduction pathway linking substratum attachment via
integrin receptors to the control of gene expresson. Our
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results further support an important role for this pathway
in the regulation of osteoblastic differentiation and
function.

5. PERSPECTIVES

Research on the vitamin D endocrine system is
a a crossroad. Non-genomic responses to 1,25 (OH)2Ds
have been described (reviewed in ref. 86) and mutant
mice drans deficient in key vitamin D metabolic
pathways have been engineered and begin to reved new
aspects of vitamin D function that were previoudy
unrecognized (87). Concerning the vitamin D-dependent
transcriptional responses, new VDRE structures have
been characterized and novel VDR dimerization partners
identified. Sequence similarity searches based on the
non-classical response dements may identify previoudy
unrecognized  vitamin  D-responsve genes.  The
characterization of additiona factors interacting with the
VDR, such as the osteoblast-specific NF-1 family
member or transcriptional coactivators, is bound to reved
new information on the molecular mechanism of action of
vitamin D. Finally, the interactions of the VDR with the
multifunctiona protein careticulin have to be tested at
the physiologicd level in vivo. The targeted inactivation
of cdreticulin in embryonic sem cdls and the
subsequently  derived cdreticulin 'knock-out’  mice,
dready being studied in our laboratory, will unravel the
role of cdreticulin in embryonic development and
vitamin D-mediated signd transduction.
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