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The vitamin D receptor (VDR) mediates the effects of the calcemic hormone
1a,25-dihydroxyvitamin D, [1,25(0OH),D,]. We show that VDR also functions
as a receptor for the secondary bile acid lithocholic acid (LCA), which is hep-
atotoxic and a potential enteric carcinogen. VDR is an order of magnitude more
sensitive to LCA and its metabolites than are other nuclear receptors. Activation
of VDR by LCA or vitamin D induced expression in vivo of CYP3A, a cytochrome
P450 enzyme that detoxifies LCA in the liver and intestine. These studies offer
a mechanism that may explain the proposed protective effects of vitamin D and

its receptor against colon cancer.

A contributing factor to the deleterious ef-
fects of a high-fat diet is an associated in-
crease in the excretion of fecal bile acids (),
the most toxic of which is the secondary bile
acid LCA (Fig. 1A). Unlike the primary bile
acids, chenodeoxycholic acid (CDCA) and
cholic acid (CA), LCA is poorly reabsorbed
into enterohepatic circulation and passes into
the colon. At high concentrations, LCA in-
duces DNA strand breaks, forms DNA ad-
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ducts, and inhibits DNA repair enzymes (/-
3). LCA can also promote colon cancer in
animals (4), and its concentration is higher
than other secondary bile acids in patients
with colorectal cancer (5).

In contrast to the positive correlation
among high-fat diets, LCA, and colon cancer,
dietary intake of vitamin D and calcium is
related to a reduced incidence of colorectal
cancer (6). Furthermore, vitamin D supple-
mentation inhibits colon carcinogenesis in-
duced by either high-fat diets or intrarectal
instillation of LCA (7, 8). One route for LCA
elimination is through its catabolism by the
enterohepatic cytochrome P450, CYP3A, a
putative target gene of vitamin D (9, 10).
Expression of CYP3A in the liver is regulated
by the nuclear xenobiotic and pregnane X
receptor (PXR, also called SXR), which can
be activated by high concentrations (=100
M) of LCA (11, 12). Primary bile acids (in
particular, CDCA and CA) are also ligands
for the farnesoid X receptor, FXR (I3, 14).
However, neither PXR nor FXR responds to
vitamin D, and LCA-induced expression of
CYP3A is still present in PXR-null animals.
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This suggests another LCA-dependent path-
way for inducing CYP3A expression (11).
To determine if bile acids could act on the
vitamin D receptor (VDR) to induce CYP3A
expression, we used a ligand-screening assay
based on the ligand-induced interaction of a
nuclear receptor with its coactivator (74).
The receptor-interacting domain of the coac-
tivator SRC-1 was fused to the DNA binding
domain of the yeast transcription factor
GAL4, and various nuclear receptors were
fused to the transactivation domain of the
herpes virus VP16 protein. Expression plas-
mids for GAL4-SRC-1 and VP16-nuclear re-
ceptor were transfected with a GAL4-respon-
sive luciferase reporter plasmid into human
embryonic kidney (HEK293) cells and exam-
ined for luciferase expression after LCA
treatment. LCA (30 uM) induced a ligand-
dependent interaction between VDR and
SRC-1 (Fig. 1B). As previously reported
(14), LCA also activated FXR. However, no
other nuclear receptors were activated by
LCA (Fig. 1B) (I5), including PXR, which
required higher LCA concentrations (=100
M) to be activated. To further investigate
the ligand specificity of VDR and FXR, we
tested various primary, secondary, and con-
jugated bile acids in this assay (Fig. 1C). We
performed these experiments in the presence
or absence of the ileal bile acid transporter
(IBAT), because hydrophilic bile acids such
as CA and conjugated bile acids require
transport across cell membranes (/6). As ex-
pected, treatment of cells with the vitamin D
hormone 1,25(0OH),D, activated VDR but
not FXR (Fig. 1C). Conversely, the primary
bile acids CDCA, CA, and their conjugated
metabolites were effective ligands for FXR
but not VDR. FXR was also activated by the
secondary bile acids, deoxycholic acid, LCA,
and their conjugated metabolites (Fig. 1C).
However, the only bile acids that activated
VDR were LCA and its major metabolites
3-keto-LCA (Fig. 1A), glyco-LCA, and 6-ke-
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to-LCA (Fig. 1C, shaded area). The 6-keto
metabolite of LCA is of further interest be-
cause it did not activate FXR. Hence, al-
though VDR and FXR both serve as bile
acid receptors, they have distinct specificity
profiles.

We also compared the dosage dependency
of bile acids to activate human VDR, FXR, and
PXR. LCA and 3-keto-LCA activated human
VDR with median effective concentration
(EC,,) values of 8 uM and 3 M, respectively
(Fig. 1D). These bile acids also activated FXR,
but effective concentrations were 2 to 3 times
greater than those for VDR (Fig. 1E). Although

REPORTS

was not effective on VDR at any concentration.
LCA and 3-keto-LCA were also equally effec-
tive at activating full-length mouse or human
VDR [see below and (/5)]. The xenobiotic
receptor PXR also is activated by LCA (11, 12).
However, compared to VDR, PXR required a
concentration at least 10 times greater than that
of either LCA (Fig. 1F) or 3-keto-LCA (I5) for
activation. Therefore, the concentration at
which these bile acids activate VDR is below
the pharmacologic range that activates FXR
and PXR. These data suggest that VDR is a
more sensitive receptor for bile acids than are
FXR and PXR, specifically for LCA and its

1314

CDCA was an FXR agonist (EC5, = 7 pM), it major metabolite 3-keto-LCA.

A C O -1BAT
VDR HginAT FXR

EtOH
cooH .o 2300
Vo CA B
TCA
HO"'

Lithocholic acid

; | 3 \—COOH
o

3-Ketolithocholic acid

HO™ 'OH

1.25—Dih3droxy-
vitamin D3

N
o

RLU (fold induction)
(=] (3, ; a

EIIBQUUQEUH:I-@-E'_‘I.
XXOELETCCCEEETE g+ I 300 200 100 O
“‘“H‘;:ﬁégggg’g“‘ z o RLU

o

=
D GAL4-VDR E GAL4-FXR F15

400 —@-LcA 400 —@—LCA O EOH

- =0~ 3-keto-LCA = =0 3-keto-LCA = ELCA 10pM
s —l- CDCA e —- CDCA S |@LCA30uM
= 3004 = 6-keto-LCA S 3004 —{}- 6-keto-LCA '-310- I LCA 100uM
3 3 _g H Rifampicin
2 H £ L
!2 E200- T
e 8 £ 51
=100 =100 =
'} - -
T T [

o 107 106 105 104 o 107 106 105 104

Concentration (M)

Fig. 1. LCA and its metabolites are VDR agonists. (A) Structures of VDR agonists. (B) Receptor-
specific activation by LCA. Various nuclear receptors were expressed in HEK293 cells and screened
for activation by 30 wM LCA with a mammalian two-hybrid GAL4-SRC-1 and VP16-receptor
luciferase assay. (C) Ligand specificity of VDR- and FXR-activation by bile acids. VDR and FXR were
screened for activation by 1,25(0OH),D, (0.1 wM) or various bile acids (30 M), as in Fig. 1B. The
screen was performed on transfecteé HEK293 cells expressing VDR or FXR in the presence (black
bars) or absence (white bars) of IBAT to facilitate uptake of CA and the conjugated bile acids (76).
The shaded area identifies LCA-specific metabolites. (D and E) Comparative dose response of
human VDR and FXR to bile acids using a GAL4-receptor luciferase assay. (F) Comparative dose
response of VDR and PXR to bile acids. Transfection assay was as in (D) and (E), except that
full-length human VDR and PXR were expressed in monkey kidney CV1 cells with a luciferase
reporter plasmid containing three copies of the human CYP3A4 ER6 element (see Fig. 3). Rifampicin
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supporting online material for additional methods and bile acid abbreviation.
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To demonstrate that bile acids directly bind
VDR as ligands, we performed a competitive
binding assay using [*H]1,25(0OH),D, and in-
creasing concentrations of candidate bile acids
(Fig. 2). Both LCA and 3-keto-LCA competed
effectively with [*H]1,25(0OH),D, for binding
to VDR [inhibition constant (K;) = 29 * 6 uM
and 8 * 3 uM, respectively], with 3-keto-LCA
exhibiting an affinity that is 3.5 times greater
than that of LCA. A fluorescence polarization
assay also showed that LCA, but not other bile
acids, induced association with the coactivator
peptide (fig. S1).

LCA is catabolized by CYP3A (/1, 17), a
putative target gene of vitamin D in the in-
testine (9, /0). To explore the role of LCA
and VDR in the activation of CYP3A, we
investigated the promoters of the mouse, rat,
and human CYP3A genes for potential VDR-
RXR heterodimer binding sites (Fig. 3A). All
three gene promoters have direct repeats sep-
arated by three nucleotides (DR3 elements)
similar to those found in other VDR target
genes (/8). In addition, the human CYP3A4
gene contains an everted repeat separated by
six nucleotides (ER6) that has also been re-
ported to be a VDR-RXR response element
(10). Each of these elements bound to the
VDR-RXR heterodimer (Fig. 3B), competed
for the receptor heterodimer with high affin-
ity (Fig. 3C), and was responsive to VDR-
dependent transactivation by either LCA or
1,25(OH),D, (Fig. 3D). It is noteworthy that
these elements were previously reported to
mediate the xenobiotic response of the PXR-
RXR heterodimer in the liver (/9). In a com-
parison to PXR, we found that all three
CYP3A promoters were at least 10 times
more sensitive to VDR when activated by
LCA (I5). The human CYP3A elements were
the most sensitive and conferred the strongest
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Fig. 2. LCA and 3-keto-LCA directly bind VDR in
vitro. Human VDR was expressed in mon-
key kidney COS-7 cells, labeled with
[®H]1,25(0H),D,, and used for competitive
binding assays. Results obtained with VDR-con-
taining lysates (closed symbols) or mock ly-
sates transfected with RXR (open symbols) are
shown. Data points are representative of three
independent experiments using LCA and 3-ke-
to-LCA as competitors. Similar experiments us-
ing CDCA, CA, muricholic acid (MCA), and
hyodeoxycholic acid (HDCA) showed no com-
petitive binding. See supporting online material

for materials and methods.
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TK-LUC, control thymidine kinase luciferase reporter plasmid.

response (Fig. 3D). These data further sug-
gest that VDR mediates LCA-dependent in-
duction of CYP3A gene expression.

To confirm the effects of VDR on induc-
tion of CYP3A expression in vivo, the trans-
activation of the CYP3A11 gene was deter-
mined after treating mice with agonists for
VDR, FXR, or PXR. For these experiments,
we used la-hydroxyvitamin D, (1a(OH)D,)
(8) and EB1089 (20) as synthetic VDR ago-
nists, pregnenolone-16a-carbonitrile (PCN)
as a PXR-selective agonist (19), and LCA as
a panagonist for all three receptors.
CYP3A11 mRNA expression in the intestine
was increased in response to both VDR- and
PXR-specific ligands, as well to LCA. In
contrast, the VDR-specific target gene cal-
bindin 9K (18) was activated by LCA and the
VDR-selective  agonists 1a(OH)D, and
EB1089, but not by PCN, indicating that
LCA can function as a VDR agonist in vivo.
Likewise, the FXR target gene, ileal bile acid

binding protein (/4), was transactivated by .

LCA, but not by VDR or PXR selective
ligands. None of the compounds altered the
expression of VDR (Fig. 4A). To demon-
strate that LCA- and VDR-dependent activa-
tion in vivo does not require PXR, the ex-
pression of CYP3All was examined in
PXR~- mice and PXR™*/~ control mice (Fig.
4, B and C). As expected (11, 12), CYP3A11
mRNA expression in response to PCN was
eliminated in the liver and intestine of PXR-
null mice. However, CYP3All mRNA
expression was still induced by both the
VDR-selective ligands and LCA. This dem-
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onstrates that VDR can function as an LCA
sensor in vivo, resulting in increased expres-
sion of CYP3A.

Taken together, these results point to
VDR as a potential bile acid sensor in the
enteric tract, where elevated concentrations
of LCA may bind to VDR. This “adopted
orphan” function of VDR (21) complements
its endocrine role in the small intestine as a
high-affinity [dissociation constant (K,) =
0.1 to 1 nM] receptor for 1,25(0OH),D; to
promote calcium and phosphate absorption,
which ensures proper mineralization of bone
(18). The regulation of the LCA/VDR meta-
bolic cascade is strikingly similar to that me-
diated by other evolutionarily related nuclear
receptors [e.g., PXR, constitutive androstane
receptor (CAR), FXR, and liver X receptor
(LXR)] that function as lipid sensors and
mediate detoxification of their ligands (21).
By binding to VDR, both LCA and vitamin D
may activate a feed-forward catabolic path-
way that increases CYP3A expression and
leads to the detoxification of LCA. These
findings suggest a model to explain how the
enteric system could protect itself from the
potentially harmful effects of LCA and why
vitamin D is protective against colon cancer
under normal physiologic conditions. Protec-
tion provided by VDR activation may be-
come compromised when the detoxification

. pathway is overwhelmed (e.g., by increased

levels of LCA due to sustained high-fat diets)
or under clinical conditions of vitamin D
deficiency (e.g., rickets/osteomalacia). Con-
sistent with this model, there is an epidemi-

ologic relation between the incidence of co-
lon cancer and Western-style, high-fat diets
(22), and the highest death rates from colon
cancer occur in areas with a high prevalence
of rickets (6). Furthermore, mice lacking
VDR not only have rickets but also display
enhanced cellular proliferation in the colon
(23). Thus, this work should provide the im-
petus for further studies addressing the role of
diet, bile acids, and vitamin D in colorectal
cancer.
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Heterotopic Shift of
Epithelial-Mesenchymal
Interactions in Vertebrate
Jaw Evolution
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Genes involved in late specification of the mandibular arch, the source of the
vertebrate jaw, are expressed with similar patterns in the oral regions of chick
and lamprey embryos. However, morphological comparisons indicate that ap-
parently orthologous homeobox genes were expressed in different subdivisions
of the ectomesenchyme in the two species. Therefore, the homology and gene
expression of the oral region are uncoupled during the transition from agnathan
to gnathostome; we conclude that a heterotopic shift of tissue interaction was

involved in the evolution of the jaw.

Conventional comparative anatomy assumes
that the vertebrate jaw was acquired through
modification of the mandibular arch, the most
rostral element of the pharyngeal arches (Fig.
1A): In primitive vertebrates, the arches
resembled one another, showing no special-
ization. The mandibular arch was then dorso-
ventrally subdivided and enlarged to differ-
entiate the upper and lower jaw cartilages
(Fig. 1A, right). However, the larval oral
apparatus in the lamprey, a jawless vertebrate
(agnathan), exhibits well-differentiated upper
and lower lips for which morphologic homol-
ogies (/) with the jaws are not certain (2)
(Fig. 1B). Moreover, the early embryonic
pattern of the lamprey is very similar to that
of the jawed vertebrates (gnathostomes): Ho-
mologous patterns are seen in the global de-
ployment of crest cells (3), in the configura-

Laboratory for Evolutionary Morphology, Center for
Developmental Biology, RIKEN, Hyogo 650-0047, Ja-
pan. 2Department of Biology, Okayama University,
Okayama 700-8530, Japan. 3Department of Medical
Technology, Niigata University, Niigata 951-8518, Ja-
pan.

*Present address: Division of Developmental Neuro-
biology, National Institute for Medical Research, Mill
Hill, London NW7 1AA, UK.

1To whom correspondence should be addressed. E-
mail: saizo@cdb.riken.go.jp

tion of the mesoderm (4), and even in the
expression of some regulatory genes, includ-
ing Otx, a gene involved in gnathostome jaw
development (3, 6).

During development of the amniote
mandibular arch, DIx and Msx homeobox
genes are expressed in an overlapping fash-
ion in the crest-derived ectomesenchyme,
and they prefigure the proximal-distal axis
of the mandibular arch (Fig. 1C) (7, §).
These genes are regulated through epithe-
lial-mesenchymal interactions (9), down-
stream of growth factors secreted by the
epidermis (7, 8). In the chick late pharyn-
gula, a growth factor—encoding gene,
cFgf8, is expressed in the perioral epider-
mis (Fig. 1D), and its target gene, cDIxl, is
expressed in the subadjacent ectomesen-
chyme (Fig. 1E) (/0). Another growth fac-
tor, cBmp4, is expressed in the distal epi-
dermis of the upper and lower jaws (Fig.
1F); its downstream gene, cMsxl, is ex-
pressed in the distal ectomesenchyme (Fig.
1G).

We isolated the above gene cognates
from a ¢cDNA library of the Japanese lam-
prey, Lampetra japonica, and observed
their expression patterns in the embryonic
oral region. Molecular phylogenetic analy-
ses have indicated that the isolated genes,
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