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Abstract The calcium-regulating hormone, 1,25(OH)2D3, induces tumor necrosis factor-a (TNF-a) synthesis and
release from bonemarrowmacrophages (BMMs). To investigate themechanism of this regulation, we have examined the
effects of 1,25(OH)2D3 on the cytokine message. 1,25(OH)2D3 increased TNF-amRNA abundance in a dose- and time-
dependent manner. The combined treatment of BMMs with LPS and 1,25(OH)2D3 resulted in a synergistic increase of
TNF-a. The steroid also increased the expression of CD14 (LPS receptor). Vitamin D receptors (VDRs) mediate
1,25(OH)2D3 genomic effects by forming homodimers or heterodimers with retinoic acid receptors (RARs) or retinoic X
receptors (RXRs). The RXR ligand, 9-cis retinoic acid (9cRA), reduced TNF-amRNA abundance in BMMs, but increased
CD14 mRNA levels. 1,25(OH)2D3 or LPS did not affect TNF-a transcript stability. 9cRA, however, caused TNF-amRNA
destabilization. Next, we searched for potential vitamin D response elements (VDREs) in the promoter region (1.2 kb) of
the TNF-a gene, and identified six such sequences. Using electrophoresis mobility shift assay (EMSA) we identified one of
those sequences (�1008 to�994) as a likely candidate to be a VDRE (tnfVDRE). The binding of tnfVDRE to BMM-derived
nuclear extract was increased following cell treatment with 1,25(OH)2D3. No induction was observed with 9cRA
treatment, but the retinoid enhanced the activity of 1,25(OH)2D3 when added together. Previously characterized VDREs
(mouse osteopontin and rat osteocalcin) competed effectively with tnfVDRE, demonstrating the nature of the TNF-a-
derived sequence as a VDRE. We observed super-shift and block-shift of the complex in the presence of either anti-VDR
or anti-RXR antibodies. Our data suggest that 1,25(OH)2D3 increases TNF-a transcript abundance in BMMs via a
transcriptional mechanism; 9cRA decreases TNF-a mRNA by destabilizing the transcript, and possibly also by forming
transcriptionally inactive complex with 1,25(OH)2D3 on the tnfVDRE. The receptor complex interacting with tnfVDRE
found in the promoter of the cytokine gene is probably composed of VDR-RXR heterodimer. J. Cell. Biochem. 88: 986–
998, 2003. � 2003 Wiley-Liss, Inc.
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The active metabolite of vitamin D, 1,25-
dihydroxyviatmin D3 (1,25(OH)2D3), in addi-
tion to its classical role in calcium homeostasis,
regulates the growth, differentiation, and func-
tion of a broad range of cells, including cells of
the immune system [Provvedini et al., 1983;
DeLuca, 1988; Kumar et al., 1989; Pike, 1991;

DeLuca and Cantorna, 2001]. Studies in the
last two decades assigned immunomodulatory
roles to 1,25(OH)2D3, and cells belonging to the
immune system contain functional vitamin D
receptors (VDRs) [Manolagas et al., 1985;
Bhalla et al., 1986; Minghetti and Norman,
1988; Rigby, 1988].

Macrophages derived from vitamin D-defi-
cient mice exhibit impaired functions [Bar-
Shavit et al., 1981; Gavison and Bar-Shavit,
1989; Kankova et al., 1991; Abu-Amer and Bar-
Shavit, 1993]. 1,25(OH)2D3 has been shown to
induce in vitro and in vivo monocyte/macro-
phage differentiation and activation in cell lines
as well as in primary cells [Abe et al., 1981; Bar-
Shavit et al., 1983; Amento et al., 1984; Tokuda
et al., 1992; Abu-Amer and Bar-Shavit, 1993;
Panichi et al., 1998; Cohen et al., 2001].

� 2003 Wiley-Liss, Inc.

Grant sponsor: ICRF.

*Correspondence to: Zvi Bar-Shavit, PhD, The H Hubert
Humphrey Center for Experimental Medicine and Cancer
Research, The Hebrew University Faculty of Medicine,
P.O. Box 12272, Jerusalem 91120, Israel.
E-mail: barsha@cc.huji.ac.il

Received 28 October 2002; Accepted 29 October 2002

DOI 10.1002/jcb.10453



Mononuclear phagocytes play a pivotal role
in initiating and maintaining the immune
response and produce numerous biologically
active molecules, including cytokines such as
tumor necrosis factor-a (TNF-a) [Old, 1985;
Fiers, 1991; Beutler, 1999]. TNF-a expres-
sion is regulated by transcriptional and post-
transcriptional mechanisms [Han and Beutler,
1990; Han et al., 1990; Biragyn and Nedospa-
sov, 1995; Crawford et al., 1997; Raabe et al.,
1998; Anderson, 2000]. The macrophage acti-
vating molecule, lipopolysaccharide (LPS) is a
major inducer of TNF-a synthesis and release
[Han et al., 1990; Prehrn et al., 1992; Rietschel
and Brade, 1992; Kilbourn et al., 1993; Fenton
and Golenbock, 1998; Giovannini et al., 2001].
LPS interacts withmembrane receptors (CD14)
on the target cells [Han et al., 1990; Rietschel
and Brade, 1992; Kilbourn et al., 1993; Biragyn
and Nedospasov, 1995; Delude et al., 1995;
Fenton and Golenbock, 1998]. CD14 binds LPS
and subsequently initiates cellular activation
[Wright et al., 1990; Ulevitch and Tobias, 1995].
CD14 transduces its signals via interactions
with the toll-like receptors (TLRs) [Delude et al.,
1995; Kirschning et al., 1998; Yang et al., 1998;
Kopp et al., 1999; Takashi et al., 2000; Tapping
et al., 2000; Takeuchi and Akira, 2001; Tsan
et al., 2001].
Genomic effects of 1,25(OH)2D3 are mediated

by VDR that activates transcription by binding
to vitaminDresponse elements (VDREs)within
the promoters of vitamin D responsive genes
[Evans, 1988; Haussler et al., 1988; O’Malley,
1990; Norman et al., 1992; Wu et al., 1999],
either as a homodimer [Forman et al., 1992;
Carlberg et al., 1993], or as a heterodimer with
the retinoic acid X receptor (RXR) [Yu et al.,
1991; Kliewer et al., 1992; Leid et al., 1992;
Carlberg, 1993; Staal et al., 1996; Tsonis
et al., 1996; Zou et al., 1997; Prufer and
Barsony, 2002]. VDREs are comprised of direct
repeats (DRs), palindromes (Ps), or inverted
palindromes (IPs) of the hexameric core bind-
ingmotifRRKNSA (R¼AorG,K¼GorT,S¼C
or G) [Carlberg, 1993; Schrader et al., 1994,
1995].
We have previously demonstrated that

1,25(OH)2D3 increases the TNF-a synthesis,
and addition of LPS further increase the syn-
thesis and release of this cytokine [Abu-Amer
and Bar-Shavit, 1994]. In the present study we
examine the modulation of TNF-a mRNA by
1,25(OH)2D3.

MATERIALS AND METHODS

Reagents

1,25-Dihydoxyvitamin D3 (1,25(OH)2D3)
was purchased from Biomol (Plymouth, PA). 9-
cis-Retinoic acid (9cRA) was purchased from
Sigma (St. Louis,MO). Lipopolysacharide (LPS,
Escherichia coli serotype 0111:B4) was pur-
chased from Difco laboratories (Detroit, MI).
Minimum essential medium alpha (a-MEM)
and charcoal stripped fetal calf serum (CH-
FCS)werepurchased fromBiological Industries
(Beit-Haemek, Israel). Rat monoclonal anti-
mouse-CD14 antibody (rmC5-3) was purchased
from Pharmingen (San Diego, CA). Mouse
monoclonal anti-VDR antibodies and anti-RXR
antibodies were kindly provided by Dr. Lian
[Staal et al., 1996]. Rabbit polyclonal anti-
mouse RXR (mapped to amino acids 198–462)
was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Peroxidase-conjugated anti-
rat-IgG and rabbit anti-mouse whole serum
were purchased from Jackson Immunore-
search, Inc. (West Grove, PA). ECl kit was
obtained fromSantaCruzBiotechnology (Santa
Cruz, CA). All other chemicals were of analy-
tical grade, and obtained from Sigma.

Mice

Seven to 9-week-old male BALB/c mice
were obtained from Harlan laboratories Ltd.
(Jerusalem, Israel). Vitamin D deficiency was
obtained as described [Bar-Shavit et al., 1981].

Cells

Bone marrow derived macrophages (BMMs)
were collected as described previously [Abu-
Amer and Bar-Shavit, 1993]. Cells were col-
lected from tibia and femurs and seeded into
tissue culture plates in a-MEM containing
10% CH-FCS and 15% L-cell conditioned
medium (as a source for macrophage colony
stimulating factor), at 378C in a humidified 5%
CO2 atmosphere. After 24 h, non-adherent cells
were layered on a Ficoll-Hypaque gradient, and
centrifuged in Sorvall-RT6000 (2000 rpm,
20 min). The interphase cells were removed
and plated (107/10 ml, 100 mm tissue-culture
plates).

Northern Blotting

Total RNA was extracted using the TRI-
REAGENT kit (Molecular Research Center,
Inc.) [Chomczynski, 1993]. The quality of the
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RNA was verified by UV visualization of the
ribosomal RNA bands (28S, 18S) of ethidium
bromide stained agarose gel. RNA (10 mg/lane)
electrophoresed on a 1.2%agarose-formaldhyde
gel, and transferred overnight to Hybond-N
nylon membrane (Amersham, UK). Then RNA
membranes were hybridized with [32P]-labeled
TNF-a cDNA (1.1 Kb of murine TNF-a), [32P]-
labeledCD14 cDNA (477 bp ofmurine CD14), or
the control housekeeping gene, [32P]-labeled
L32 (1 kb of L32). After hybridization, the
membranes were washed and exposed to X-ray
film (Fuji) at �808C for autoradiography and
the density of each mRNA band was quantified
using Fluor-STMmultiimager (Bio-Rad labora-
tories, Hercules, CA).

Western Blotting

Proteins were isolated using the TRI-
REAGENT kit [Chomczynski, 1993]. Proteins
(10 mg/lane) were electrophoresed on 12%SDS–
PAGE, transferred to nitrocellulose membrane,
and were incubated in blocking solution, to
reduce non-specific binding. Membranes were
incubated with the rat anti-mouse CD14 (over-
night at 258C), and then with Peroxidase-
conjugated anti-rat-IgG antibody (4 h, at 258C).
An ECL detection assay was performed accord-
ing to the manufacturer’s instructions.

Electrophoresic Mobility Shift Assay (EMSA)

Nuclear extracts were prepared [Staal et al.,
1996]. [32P]-double-stranded oligonucleotides
containing the VDRE consensus sequence were
used as probes (Table I). Nuclear extracts (2 mg)
were incubated for 20 min at room temperature
with the labeled probe and poly (dI-dC). Com-
petition was carried out using 10–100 fold ex-
cess of the unlabeled oligonucleotides 15 min
prior to probe addition. To identify the compo-

nents of the VDR-complex, anti-VDR or anti-
RXR antibodies were added for 45 min at room
temperature. Samples were then subjected to
electrophoresis in a 5% non-denaturing PAGE.

Statistical Analysis

Valueswere expressed asmean �SDof n¼ 3.
Student’s t-test was used to determine of
significance of differences.

RESULTS

We have previously shown that 1,25(OH)2D3

induces TNF-a synthesis and release in BMMs
[Abu-Amer and Bar-Shavit, 1994]. Here we
show (Fig. 1) by Northern analysis that the
steroid increases the abundance of TNF-a
mRNA in these cells. The level of the cytokine
mRNA in BMMs increases with time in culture.
No significant change is observed from 24 to
48 h, but a marked increase (�5-fold) occurs
between 48 and 72 h of incubation. The addi-
tion of 1,25(OH)2D3 augments this increase. No
significant effect of the vitamin D metabolite is
observed in the first 2 days. After 72 h, a twofold
increase in the steady state level of the cytokine
mRNA is observed in BMMs treated with
1,25(OH)2D3 (50 nM) as compared with BMMs
grown in the absence of the hormone.

Both, 1,25(OH)2D3 and LPS enhance the syn-
thesis of TNF-a. Moreover, the release of TNF-a
is induced by 1,25(OH)2D3 only in the presence
of LPS [Abu-Amer and Bar-Shavit, 1994]. We
decided, therefore, to analyze the combined
effect of 1,25(OH)2D3 and LPS on the cytokine
mRNA abundance. First, we confirm that LPS
increases transcript abundance in a dose- and
time-dependent manner (Fig. 2A,B, respec-
tively).BMMswere incubated for 72h in culture
medium, and then challenged with LPS (time

TABLE I. Sequence of Established and Putative VDREsa

VDRE 50-Half element Spacer 30-Half element

Mouse osteopontin GGTTCA CGA GGTTCA
Rat osteocalcin GGGTGA ATG AGGACA
Rat SHEmt GtaTGA ATG ActACA
TNF-a (�690) GAGTGA A AGGAGA
TNF-a (�1099) AGTGGA GC AGGGGA
TNF-a (�1008) GATTCA CGG GAGTGA
TNF-a (�1099) AGTGGA GCAG GGGACA
TNF-a (�1019) GAGACA TGGTG GATTCA
TNF-a (�952) GATCCA TCCAAG GGTGGA

aThe sequences were taken fromBreen et al. [1994],Markose et al. [1990], Staal et al. [1996], and Iraqi and
Teale [1997].
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and dose as indicated). In Figure 2A,we see that
already at 1 ng/ml of LPS (2-h incubation) a
significant increase (40%) in the cytokine mes-
sage abundance is observed. Twofold increase
is obtained with 5 ng/ml of LPS. Figure 2B
shows the kinetics of the LPS (5 ng/ml) in-
duced increase in TNF-a mRNA abundance.
The combined effect of 1,25(OH)2D3 and LPS
on TNF-a message abundance is shown in
Figure 2C. BMMs were incubated for 72 h with
1,25(OH)2D3 at different concentrations (0–
50 nM), and then challenged with 5 ng/ml of
LPS for 2 h. Control cultures were incubated
for the last 2 h in the absence of LPS. As shown
in Figure 2C, LPS augments the effect of the
steroid. The hormone at 50 nM increased the
mRNA levels by 190%, LPS alone by 90%, and
the combination caused an increase of 490%,
suggesting a positive synergistic effect.
This result prompted us to hypothesize

that 1,25(OH)2D3 may exert its activity in two
mechanisms—a direct effect on the cytokine
message (transcription and/or stability), and an
indirect effect via enhancement of LPS binding
and thus activity. Our candidate formodulating
LPS activity is CD14. The CD14 protein has
been shown to function as a high-affinity cell
surface receptor molecule for LPS. In Figure 3A
we show that 1,25(OH)2D3 increases CD14
mRNAabundance.Already at 24hof incubation
a significant difference is observed between
BMMs incubated in the absence or presence of
1,25(OH)2D3. Maximal effect is observed when
BMMs were incubated with the hormone for
72 h (> 2-fold increase). In Figure 3B we show
the combined effect of 1,25(OH)2D3 and LPS.

Increases of 120% and 80% in CD14 mRNA
abundance are observed with 1,25(OH)2D3

(50 nM) and LPS (5 ng/ml), respectively. The
combination of 1,25(OH)2D3 and LPS caused
270% increase.

Next, we compared TNF-a and CD14 tran-
script abundance between vitamin D depleted
(�D) and repleted mice (þD) (Fig. 4). Abun-
dance of TNF-a and CD14 transcript is higher
(�60% and �67%, respectively) in þD BMMs
than in �D BMMs. The increase in transcript

Fig. 1. Modulation of TNF-a mRNA abundance in BMMs by
1,25(OH)2D3: Kinetics. Cells were incubated in the presence
or absence of 1,25(OH)2D3 (50 nM) for the indicated time.
Then, total RNA was isolated, Northern-blotted, and analyzed
for TNF-a and L32 (as a control gene) mRNA.

Fig. 2. Modulation of TNF-a mRNA abundance in BMMs by
1,25(OH)2D3 andLPS.A: Cellswere incubated for 72h, followed
by activation with different doses of LPS for 2 h; (B) cells were
incubated as in A and LPS (5 ng/ml) was added for different time
points.C: Cells were incubated in the presence of different doses
of 1,25(OH)2D3 for 72 h with or without LPS (5 ng/ml, last 2 h).
Transcript abundance was measured as described in Figure 1.
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abundance of both genes by 1,25(OH)2D3 and
LPS was slightly more pronounced in cells
derived from the repleted mice. Addition of
1,25(OH)2D3 at 50 nM caused an increase of
140% and 190% in TNF-a mRNA levels in �D
and þD derived cells, respectively. LPS alone,
increased transcript abundance by 80% in
both types of cells. The combination of the two
modulators increased the basal levels of TNF-a
mRNA by 410% and 610% in �D and þD deriv-
ed cells, respectively, indicating a positive
synergy. Addition of 1,25(OH)2D3 at 50 nM
increased CD14 mRNA levels in �D and þD
derived cells to a similar degree (100% and
120%, respectively). LPS alone (5 ng/ml) in-
creased CD14 mRNA levels in the two types of
cells by 70%and90%, respectively. The addition
of the two modulators increased CD14 mRNA
level by 140% and 220% in �D and þD derived
cells, respectively.

In contrast to 1,25(OH)2D3, addition of 9-cis
retinoic acid (9cRA) to BMMs caused a marked
reduction (�5-fold) in the abundance of TNF-a

mRNA (Fig. 5A). The combined treatment of
BMMs with 9cRA and LPS resulted in a mark-
ed decrease (�2-fold) in TNF-a mRNA levels,
although LPS alone increased TNF-a mRNA
levels by 80% in BMMs. In contrast to the
inhibitory effect of 9cRA observed on TNF-a
mRNA, the retinoid caused a marked in-
crease in CD14 mRNA (up to �3-fold increase)
in a dose dependent manner. LPS augmented
only slightly the retinoid effect on CD14
mRNA (Fig. 5A). Treatment of BMMs with
1,25(OH)2D3 or 9cRA (50 nM each), results in
increased levels of CD14 protein by 290% and
370%, respectively, as demonstrated inWestern
blotting analysis (Fig. 5B).

In Figure 6A we show that when BMMs were
incubated with the retinoid and the vitamin D
metabolite together, the inhibitory effect of
9cRA dominated the increase in TNF-a mRNA
obtained with 1,25(OH)2D3. For example,
1,25(OH)2D3 (50 nM) caused 160% increase,
9cRA (50 nM) caused 65% decrease, and when
added together, 20% decrease was recorded.
Analyses of CD14mRNA levels show that 9cRA
enhances theeffect of1,25(OH)2D3. InFigure6B
we see the effect of the three modulators when
added together on TNF-a mRNA abundance.
We see that 9cRA not only reversed the in-
creased TNF-a mRNA abundance observed

Fig. 3. Modulation of CD14 mRNA abundance in BMMs by
1,25(OH)2D3 andLPS.A: Cellswere incubated in thepresenceor
absence of 1,25(OH)2D3 (50 nM) for the indicated time. B: Cells
were incubated in thepresenceof different dosesof 1,25(OH)2D3

for 72 h, with or without LPS (5 ng/ml, last 2 h). CD14 transcript
abundance was measured.

Fig. 4. Modulation of TNF-a and CD14 mRNA abundance by
1,25(OH)2D3 in vitamin D depleted (�D) and repleted (þD)
mice. BMMs derived from �D (top half) and þD (bottom half)
micewere incubated for 72 h in the presence of different doses of
1,25(OH)2D3, followed by activation with LPS (5 ng/ml, 2 h).
TNF-a and CD14 transcript abundance were measured.
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with 1,25(OH)2D3 and LPS when incubated
with each, but also was able to overcome the
increase when BMMs treated with both,
1,25(OH)2D3 and LPS.
To gain insight into the mechanism of

1,25(OH)2D3 and 9cRA modulation of TNF-a
mRNA abundance in BMMs, we examined
their effects on the stability of the cytokine
mRNA. Transcript half-life was measured by
adding actinomycin D, a potent inhibitor of
RNA polymerase II-dependent transcription,
and Northern analyses at various time points
with the inhibitor. Actinomycin-D (2.5 mg/ml),
was added to unstimulated BMMs or cells
stimulated with 1,25(OH)2D3, 9cRA, or LPS.
Steady-state levels of TNF-a and L32 mRNA
were measured at the indicated time points,
usingNorthernblotanalysis (Fig.7A).Figure7B
shows the average TNF-a/L32 mRNA ratio
derived from three independent experiments.
As expected, TNF-a mRNA levels measured in
cells treated with either 1,25(OH)2D3 or LPS
were higher than in untreated BMMs while
9cRA-treatedBMMsexpressed lower transcript
level. TNF-a mRNA half-life in unstimulat-
ed BMMs was 18� 0.6 min. No significant

change was found in cells treated with either
1,25(OH)2D3 or LPS (half-life of 17� 0.4 and
20� 1.1 min, respectively). Addition of 9cRA
shortened the half-life of the cytokine message
to 12� 0.8 min (P< 0.002).

To examine the possibility of transcriptional
regulation of TNF-a by 1,25(OH)2D3, we first
searched for potentialVDREs in the promoter of
the cytokine gene (Table I).

Using EMSA we have examined binding act-
ivity of nuclear proteins prepared from BMMs
treated for 3 days with 1,25(OH)2D3 to the
putative VDREs. Each of the six potential
VDREs was labeled, and incubated with the
nuclear extract in the absence or presence of
100-fold unlabeled corresponding oligodeoxy-
nucleotide sequence. In Figure 8 we see sig-
nificant binding activity only with one of the
tested oligonucleotides, (�1008 to�994, termed
tnfVDRE).

Nuclear-extract binding of tnfVDRE ismodu-
lated by 1,25(OH)2D3 and 9cRA. In Figure 9 we
see the activity of nuclear extracts of untreated

Fig. 5. Modulation of TNF-a mRNA and CD14 mRNA and
protein abundance in BMMsby 9cRA.A: Cellswere incubated in
the presence or absence of different doses of 9cRA for 72 h, with
or without LPS activation (5 ng/ml, last 2 h). TNF-a and CD14
transcript abundanceweremeasured.B: Cells were incubated in
the presence of 1,25(OH)2D3 or 9cRA for 72 h. Western analysis
was performed using anti-CD14 antibodies.

Fig. 6. Modulation of TNF-a and CD14 mRNA abundance in
BMMs by 1,25(OH)2D3, 9cRA and LPS. A: Cells were incubated
for 72 hwith 1,25(OH)2D3 or 9cRAor their combinations. TNF-a
and CD14 transcript abundance were measured. B: BMMs were
incubatedwith 1,25(OH)2D3 (50nM)or 9cRA (50nM) or both for
72 h, with or without LPS activation (5 ng/ml, last 2 h). TNF-a
transcript abundance was measured.
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BMMs and cells treated with 1,25(OH)2D3,
9cRA, or both. 1,25(OH)2D3 increases the bind-
ing activity by �4.5-fold. 9cRA augments the
binding activity of 1,25(OH)2D3 (�7-fold as
compared to untreated cells), but it does not
affect the binding in the absence of the vitamin

Dmetabolite. Treatment of cells with either the
retinoid and/or the vitamin D metabolite did
not increase binding activity of nuclear extract
to the other putative TNF-a promoter derived
VDREs (not shown).

We next compared the ability of the various
putative VDREs found in TNF-a promoter to
compete with tnfVDRE. In this experiment,
nuclear extracts were incubated with labeled
tnfVDRE in the absence or presence of the
unlabeled sequences (10, 25, 50, and 100-fold
excess). Unlabeled tnfVDRE was the most
effective inhibitor (�76% inhibition at 10-fold
excess), and DR6 did not affect the binding
(<5% inhibition at 10-fold) (Fig. 10A,B). The
other sequences exhibited intermediate degrees
of competition of tnfVDRE binding (at 10-fold
excess DR1, DR2, DR4, and DR5 caused inhibi-
tion of 47, 40, 43, and 23%, respectively).

The ability of previously characterized
VDREs to compete with tnfVDRE binding was

Fig. 7. Modulation of TNF-a mRNA stability in BMMs. Cells
were incubated in the presence of either 1,25(OH)2D3 (50 nM) or
9cRA (50 nM) for 72 h. Alternatively, cells were incubated for
72 h in the absence of either modulator and activated with LPS
(5 ng/ml, last 2 h). Then actinomycin D was added for the
indicated time points. TNF-a mRNA abundance was examined.
A: A representative autoradiogram. B: Densitometric analysis
(average of three experiments).

Fig. 8. EMSA of putative VDREs in TNF-a promoter. BMMs
were incubated for 72 h and nuclear extracts were prepared.
Binding reactions were performed with the various 32P-labeled
putative VDREs in the absence (odd lanes) or presence (even
lanes) of 100-fold molar excess of the corresponding unlabeled
oligonucleotides.

Fig. 9. Modulation of the nuclear-extract/tnfVDRE binding by
1,25(OH)2D3 and 9cRA. BMMs were incubated for 72 h in the
absence or presence of 1,25(OH)2D3 (50 nM), 9cRA (50 nM), or
both. Nuclear extracts prepared from the cells, and 32P-labeled
tnfVDRE were used for EMSA. A representative autoradiogram
is shown.
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examined.Wehaveused a sequence frommouse
osteopontin promoter (opVDRE) [Breen et al.,
1994] and a sequence from rat osteocalcin
(ocVDRE) [Markose et al., 1990]. We have also
used a mutated sequence of ocVDRE (SHEmt)
[Staal et al., 1996]. In this experiment, nuclear
extracts were incubated with labeled tnfVDRE
in the absence or presence of the unlabeled
oligodeoxynucleotides (25, 50, and 100-fold
excess). We see in Figure 11 that the most ef-
fective inhibitor is the unlabeled tnfVDRE (84%
inhibition at 50-fold excess). opVDREwas more
effective than ocVDRE (35% and 22% inhibition
at 50-fold excess, respectively). Indeed there is
a higher degree of sequence homology between
tnfVDRE and opVDRE than between tnfVDRE
and ocVDRE. SHEmt did not compete with the
binding (�7% inhibition at 50-fold excess).

In order to determine the protein composition
of the tnfVDRE-bound complex we examined
the effects of anti-VDRandanti-RXRantibodies
on the migration of the complex (Fig. 12). The
complex was super shifted when antibodies
recognizing the ligand-binding domain of either
VDR or RXR were included. Monoclonal anti-
bodies recognizing the DNA binding domains of
either VDR or RXR inhibited the binding of the
nuclear extract to labeled tnfVDRE.

DISCUSSION

We have previously shown that 1,25(OH)2D3

induces the synthesis of TNF-a. Consistent
with the in vitro findings, 1,25(OH)2D3 was also
found to modulate TNF-a production in vivo,
and the circulating cytokine levels in LPS

Fig. 10. Competition analyses of the putative TNF-a promoter
derivedVDREs. Cellswere incubatedwith 1,25(OH)2D3 (50 nM)
and 9cRA (50 nM) for 72 h. EMSA using nuclear extracts derived
from these cells and 32P-labeled tnfVDRE was performed
in the absence of competitors (lanes 1, 2, 15, 16) or in the

presence of 10- and 25-fold excess of competitors (lanes 3–14),
or in the presence of 50- and 100-fold excess of competitors
(lanes 17–28). A representative autoradiogram (A) and a
densitometric analysis (B) are shown.
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injectedmice significantly higher inþD as com-
pared to �D mice [Kankova et al., 1991; Abu-
Amer and Bar-Shavit, 1993].

Studies on modulation of TNF-a by
1,25(OH)2D3 yielded contradictory results.
1,25(OH)2D3 increased TNF-a production in
LPS-stimulated U937 cells (a human myelomo-
nocytic cell line) [Fagan et al., 1991; Prehrn
et al., 1992]. In contrast, 1,25(OH)2D3 inhibit-
ed the LPS-induced production of TNF-a in
isolated mature peripheral blood monocytes
[Riancho et al., 1993; Panichi et al., 1998;
Giovannini et al., 2001]. Inhibitory effect was
also observed with human peritoneal macro-
phages frompatients on continuous ambulatory
peritoneal dialysis [Cohen et al., 2001; Shany
et al., 2001]. It seems that that the differentia-
tion/maturation status of the cells plays a role
in determining their response to 1,25(OH)2D3.
The hormone increases TNF-a production in
immature cells (cell-lines, bone marrow cells)

and decreases the cytokine in more mature
(peripheral blood monocytes and peritoneal
macrophages).

In the present study, we found that the
steady state level of TNF-a mRNA is increased
by 1,25(OH)2D3. Furthermore, the addition of
1,25(OH)2D3 together with LPS, resulted in a
positive synergistic effect.

CD14 and TLR-4 are required for the effects
of low concentration of LPS (1–10 ng/ml)
[Kirschning et al., 1998; Tsan et al., 2001]. The
lack of CD14, due to either the use of CD14
knockout mice, or removal of CD14 with phos-
pholipase C, results in a complete block in TNF-
a production [Haziot et al., 1996]. We find that
already at low LPS concentrations (1 and 5 ng/
ml), 40% and 100% increase in TNF-a mRNA
was observed, respectively. Our results pro-
mpted us to hypothesize that 1,25(OH)2D3 may
exert its activity in two mechanisms: a direct
effect on the cytokine message (rate of tran-
scription and/or stability), and indirect effect
via enhancement of LPS activity. Induction of
differentiation in the human myeloid cell line,
HL-60, by 1,25(OH)2D3 is accompanied by a
marked increase in CD14 expression, while
TLR-4 expression is almost unaffected [Li and
Stashenko, 1992].

In the present study, we find that
1,25(OH)2D3 increases the CD14 mRNA and

Fig. 11. Competition analyses of tnfVDRE with established
VDREs. Nuclear extracts were prepared as in Figures 9 and 10.
EMSA was performed using labeled tnfVDRE. Competitors
included opVDRE, ocVDRE and SHEmt at 25, 50, and 100-fold
excess. A representative autoradiogram (A) and a densitometric
analysis (B) are shown.

Fig. 12. The VDR-complex formed with the tnfVDRE is
composed of a VDR/RXR heterodimer. EMSA was performed as
described in the previous figures. Nuclear extract was treated
with anti-VDRantibody (recognizing the ligand binding domain,
lane 2, and theDNAbinding domain, lane 3), anti-RXR antibody
(recognizing the ligand binding domain, lane 4, and the DNA
binding domain, lane 5), anti-mouse whole serum (lane 6).
Control nuclear extracts in the absence or presence of BSA is
shown in lanes 1 and 7, respectively, and competition with 100-
fold excess of unlabeled tnfVDRE is shown in lane 8.
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protein abundance in BMMs. The hormone-
induced increase in CD14 expression could
modulate the binding and activity of LPS.
The in vivo significance of the findings was

confirmedby studyingmodulation of TNF-aand
CD14 message abundance between�D andþD
mice. 1,25(OH)2D3, LPS and their combination
affected in a similar manner the abundance
of TNF-a and CD14 mRNA in �D and þD
derived cells.The effects, however,were slightly
more pronounced in þD-derived cells. Further-
more, basal TNF-a and CD14 transcript abun-
dancewashigher inþDthan in�Dderived cells
(Fig. 4).
Nuclear hormone receptors, including VDR,

act either to activate or to repress transcrip-
tion by binding to response elements in the
promoter region of target genes. In addition to
natural DR3-type response elements, DR4-,
DR6-, IP7-, and IP9-type structures have been
recognized as candidate VDREs [Carlberg,
1993; Schrader et al., 1994; Wu et al., 1999].
The binding of 1,25(OH)2D3 to VDR alters its
conformation to promote heterodimerization
with the RXR, and association of the hetero-
dimer complex with the VDRE [Yu et al., 1991;
Zou et al., 1997].
We find that 1,25(OH)2D3 increases tran-

script levels of TNF-a and CD14 in BMMs. On
the other hand, 9cRA decreases TNF-a mRNA
levels, and increases the CD14 mRNA levels
in these cells. Furthermore, the inhibitory effect
of 9cRA dominated the stimulatory effects of
1,25(OH)2D3 and LPS. Thus, 9cRA utilizes a
different mechanism(s) to modulate TNF-a
and CD14.
To gain insight into the mechanism of

1,25(OH)2D3 and 9cRA modulation of TNF-a
mRNAabundance in BMMs, we examined their
effect on TNF-a mRNA stability. TNF-a mRNA
rate of degradation was not affected by the
presence of either 1,25(OH)2D3 or LPS. On the
other hand, addition of 9cRA shortened TNF-a
mRNA half-life. Thus, it is unlikely that the
increase in TNF-amRNA abundance caused by
1,25(OH)2D3 and LPS involves modulation of
transcription stability. The decrease in TNF-a
mRNA abundance caused by 9cRA, could in-
volve enhanced TNF-a mRNA degradation.
These findings are consistent with recent report
showing that TNF-a mRNA stability was not
affected by LPS, and that retinoic acid induced
destabilization of the cytokine transcripts in
hepatic macrophages [Raabe et al., 1998].

In order to examine the involvement of trans-
criptional regulation of TNF-a by 1,25(OH)2D3,
we screened the promoter region of the murine
TNF-agene [Semon et al., 1987; Iraqi andTeale,
1997] for consensus VDREs, and obtained six
putative sequences (Table I). We identified out
of these sequences a functional VDRE between
positions �1008 and �994, (tnfVDRE).

Incubation of BMMs with 1,25(OH)2D3 in-
creased the nuclear extract binding to the
tnfVDRE. Cell treatment with 9cRA did not
have any effect on the binding activity, but
markedly increased the activity of 1,25(OH)2D3.

The oligodeoxynucleotides sequence play an
important role in the affinity of their interac-
tions with the VDR-complex [Forman et al.,
1992; Schrader et al., 1995]. For the competi-
tion analyses we chose VDREs derived from
mouse osteopontin (opVDRE) and rat osteocal-
cin (ocVDRE) promoters. opVDRE represents
a perfect DR of two similar steroid half-
sites (GGTTCA-CGA-GGTTCA) while ocVDRE
represents an imperfect DR of two distinct
steroid half sites (GGGTGA-ATG-AGGACA).
A mutated non-active sequence of the ocVDRE
(SHEmt)wasalsoused (GtaTGA-ATG-ActACA).
opVDRE competed with tnfVDRE binding
more efficiently than ocVDRE. The higher
degree of sequence homology between the
tnfVDRE and opVDRE (10/15), than the
tnfVDRE and ocVDRE (6/15) is consistent with
our finding.

The effects of anti-VDR and anti-RXR anti-
bodies on the interactions between BMMs-
derived nuclear extracts and tnfVDRE revealed
that the complex contains VDR/RXR hetero-
dimers. Surprisingly, the presence of the mono-
clonal anti-VDR and anti-RXR antibodies
caused an increase in original band intensity.
Similar phenomenon was observed previously
[Staal et al., 1996]. They offered the explana-
tion, that enhancement of complex binding to
VDRE is due to nonspecific effects of the anti-
bodies, that could alter the binding equilibrium.

Although 9cRA decreases TNF-a mRNA
levels in 1,25(OH)2D3 treated cells, a more
efficient binding activity is observed in nuclear
extract derived from cells treated with both
modulators than in nuclear extract derived
from 1,25(OH)2D3 treated cell (Fig. 9). 9cRA
may exert its effect on TNF-a mRNA in dif-
ferent ways: (1) by decreasing the stability of
the mRNA transcripts (post-transcriptional
modulation), as shown in Figure 7, and/or (2)
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by inhibiting the activity of the transcription
complex (transcriptional modulation).

Retinoid receptors indeed were shown
to employ various mechanisms in post-
transcriptional regulation. RAR complex has
been shown to stabilize transcripts of prolactin
in IM-9-IP3 cells (B-lymphoblast cell line)
[Gellersen et al., 1992], or CRABP-II in F9-
teratocarcinoma cells [MacGregor et al., 1992].
On the other hand, retinoids suppress the
expression of adipsin in 3T3-F442A (adipocytic
cell line) by decreasing the transcripts stability,
probably via induction or activation of specific
nuclease activity [Antras et al., 1991]. In
addition, in the case of cytochrome P-450d, it
was reported that direct interaction between
the nuclear receptor and the RNA precursors
might occur. In this case it may induce a more
favorable structure for efficient splicing or
protection of the molecule from rapid nuclear
degradation [Silver and Krauter, 1990]. Reti-
noid addition to LPS-stimulated rat hepatic
macrophages caused a marked inhibition in
TNF-a expression probably via decreasing its
message stability [Silver and Krauter, 1990].
Our results regarding modulation of TNF-a
mRNA abundance by the VDR and RXR
ligands are consistent with a recent report
[Jimenez-Lara and Aranda, 2000] suggesting
that VDR/RXR heterodimers could bind VDRE
in a transcriptionally unproductive manner.

The present study strengthens the notion
that 1,25(OH)2D3, in addition to its central role
in calcium homeostasis, is also a physiological
modulator of macrophage function. We show
that 1,25(OH)2D3 increases TNF-a transcript
abundance inBMMsvia a direct transcriptional
mechanism, in which a VDR-RXR heterodimer
complex is involved. Moreover, TNF-a mRNA
levels are further enhanced via an indirect
mechanism, in which LPS effect is involved.
9cRA probably employs transcriptional and
post-transcriptional mechanisms to decrease
the cytokine message abundance.

ACKNOWLEDGMENTS

This research was supported by a grant from
ICRF. We thank Harry Schwartz for technical
assistance.

REFERENCES

Abe E, Miyaura C, Sakagami H, Takeda M, Konno K,
Yamazaki T, Yoshiki S, Suda T. 1981. Differentiation of

mouse myeloid leukemia cells induced by 1 alpha,25-
dihydroxyvitamin D3. Proc Natl Acad Sci USA 78:4990–
4994.

Abu-Amer Y, Bar-Shavit Z. 1993. Impaired bone marrow-
derived macrophages differentiation in vitamin D defi-
ciency. Cell Immunol 151:356–368.

Abu-Amer Y, Bar-Shavit Z. 1994. Regulation of TNF-a
release from bone marrow-derived macrophages by vita-
min D. J Cell Biochem 55:435–444.

Amento EP, Bhalla AK, Kurnick JT. 1984. 1,25(OH)2D3
induces maturation of the human monocyte cell line
U937 and, in association with a factor from human T
lymphocytes, augments production of the monokine,
mononuclear cell factor. J Clin Invest 73:731–739.

Anderson P. 2000. Post-transcriptional regulation of tu-
mour necrosis factor alpha production. Ann Rheum Dis
59(Suppl):i3–i5.

Antras J, Lasnier F, Pairault J. 1991. Adipsin gene ex-
pression in 3T3-F442A adipocytes is post-transcription-
ally down regulated by retinoic acid. J Biol Chem 266:
1157–1161.

Bar-Shavit Z, Noff D, Edelstein S, Meyer M, shibboleth S,
Goldman R. 1981. 1,25dihydroxyvitamin D3 and the
regulation of macrophage function. Calcif Tissue Int 33:
673–676.

Bar-Shavit Z, Teitelbaum SL, Reitsma P, Hall A, Pegg LE,
Trial J, Kahn AJ. 1983. Induction of monocytic differ-
entiation and bone resorption by 1,25-dihydroxyvitamin
D3. Proc Natl Acad Sci USA 80:5907–5911.

Beutler BA. 1999. The role of tumor necrosis factor in
health and disease. J Rheumatol 26:16–21.

Bhalla AK, Amento EP, Krane SM. 1986. Differential
effects of 1,25-dihydroxyvitamin D3 on human lympho-
cytes and monocyte/macrophages: Inhibition of interleu-
kin-2 and augmentation of interleukin-1 production. Cell
Immunol 98:311–322.

Biragyn A, Nedospasov SA. 1995. Lipopolysaccharide-
induced expression of TNF-alpha gene in themacrophage
cell line ANA-1 is regulated at the level of transcription
processivity. J Immunol 155:674–683.

Breen EC, van Wijnen AJ, Lian JB, Stein GS, Stein JL.
1994. In vivo occupancy of the vitamin D responsive
element in the osteocalcin gene supports vitamin D
dependent transcriptional upregulation in intact cells.
Proc Natl Acad Sci USA 91:12902–12906.

Carlberg C. 1993. RXR-independent action of the receptors
for thyroid hormone, retinoid acid and vitamin D on in-
verted palindromes. Biochem Biophys Res Commun 195:
1345–1353.

Carlberg C, Bendik I, Wyss A, Meier E, Sturzenbecker LJ,
Grippo JF, Hunziker W. 1993. Two nuclear signaling
pathways for vitamin D. Nature 361:657–660.

Chomczynski P. 1993. A reagent for the single-step simul-
taneous isolation of RNA, DNA, and proteins from cell
and tissue samples. Biotechniques 15:532–536.

Cohen ML, Douvdevani A, Chaimovitz C, Shany S. 2001.
Regulation of TNF-alpha by 1 alpha, 25-dihydroxyvita-
min D3 in human macrophages from CAPD patients.
Kidney Int 59:69–75.

Crawford EK, Ensor JE, Kalvakolanu I, Hasday JD. 1997.
The role of 3’poly (A) tail metabolism in tumor necrosis
factor-alpha regulation. J Biol Chem 272:21120–21127.

DeLuca HF. 1988. The vitamin D story: A collaborative of
basic science and clinical medicine. FASEB J 2:224–236.

996 Hakim and Bar-Shavit



DeLuca HF, Cantorna MT. 2001. Vitamin D: Its role and
uses in immunology. FASEB J 15:2579–25785.

Delude RL, Savedra RJ, Zhao H, Thieringer R, Yamamoto
S, Fenton MJ, Golenbock DT. 1995. CD14 enhances
cellular response to endotoxin without imparing ligand-
specifi recognition. Proc Natl Acad Sci USA 92:9288–
9292.

Evans RM. 1988. The steroid and thyroid hormone receptor
superfamily. Science 240:889–895.

Fagan DL, Prehn JL, Adams JS, Jordan SC. 1991. The
human myelomonocytic cell line U-937 as a model for
studying alterations in steroid-induced monokine gene
expression: Marked enhancement of lipopolysaccharide-
stimulated interleukine-1 beta RNA levels by 1,25-
dihydroxyvitamin D3. Mol Endocrinol 5:179–186.

Fenton MJ, Golenbock DT. 1998. LPS-binding proteins and
receptors. J Leukoc Biol 64:25–32.

Fiers W. 1991. Tumor necrosis factor. Characterization at
the molecular, cellular and in vivo level. FEBS Lett 285:
199–212.

Forman BM, Casanova J, Raaka BM, Ghysdael J, Samuels
HH. 1992. Half-site spacing and orientation deter-
mines whether thyroid hormone and retinoic acid recep-
tors and related factors bind to DNA response elements
as monomers, homodimers, or heterodimers. Mol Endo-
crinol 6:429–442.

Gavison R, Bar-Shavit Z. 1989. Impaired macrophage
activation in vitamin D3 deficiency: Differential in vitro
effect of 1,25-dihydroxyvitamin D3 on mouse peritoneal
macrophage functions. J Immunol 143:3686–3690.

Gellersen B, Kempf R, Hartung S, Bonhoff A, DiMattia GE.
1992. Posttranscriptional regulation of the human pro-
lactin gene in IM-9-P3 cells by retinoic acid. Endocrino-
logy 131:1017–1025.

Giovannini L, Panichi V, Migliori M, De Pietro S,
Bertelli AA, Fulgenzi A, Filippi C, Sarnico I, Taccola D,
Palla R, Bertelli A. 2001. 1,25-dihydroxyvitaminD3 dose-
dependently inhibits LPS-induced cytokines production
in PBMC modulating intracellular calcium. Transplant
Proc 33:2366–2368.

Han J, Beutler B. 1990. The essential role of the UA-rich
sequence endotoxin induced cachectin/TNF synthesis.
Eur Cytokine Net 1:71–75.

Han J, Brown T, Beutler B. 1990. Endotoxin-responsive
sequences control cachectin/tumor necrosis factor bio-
synthesis at the translational level. J Exp Med 171:465–
475.

Haussler MR, Mangelsdorf DJ, Komm BS, Terpening CM,
Yamaoka K, Allegretto EA, Baker AR, Shine J, McDon-
nell DP, Hughes M. 1988. Molecular biology of the
vitamin D hormone. Recent Prog Horm Res 44:263–305.

Haziot A, Ferrero E, Kontgen F, Hijiya N, Yamamoto S,
Silver J, Stewart CL, Goyert SM. 1996. Resistance to
endotoxin shock and reduced dissemination of gram-
negative bacteria in CD14-deficient mice. Immunity 4:
407–414.

Iraqi F, Teale A. 1997. Cloning and sequencing of the tnfa
genes of three inbreed mouse strains. Immunogenetics
45:459–461.

Jimenez-Lara AM, Aranda A. 2000. Interaction of
vitamin D and retinoid receptors on regulation of gene
expression. Horm Res 54:301–305.

Kankova M, Luini W, Pedrazzoni M, Riganti F, Sironi M,
Bottazzi B, Mantovani A, Vecchi A. 1991. Impairment of

cytokine production in mice fed a vitamin D3-deficient
diet. Immunology 73:466–471.

Kilbourn RG, Griffith OW, Gross SS. 1993. Pathogenetic
mechanisms of septic shock. N Engl J Med 329:1427–
1428.

Kirschning CJ, Wesche H, Merrill Ayres T, Rothe M. 1998.
Human toll-like receptor 2 confers responsiveness to
bacterial lipopolysaccharide. J Exp Med 188:2091–2097.

Kliewer SA, Umesono K, Mangelsdorf DJ, Evans RM. 1992.
Retinoid X reeptor interacts with nuclear receptors in
retinoic acid, thyroid hormone and vitaminD3 signalling.
Nature 355:446–449.

Kopp E, Medzhitov R, Carothers J, Xiao C, Douglas I,
Janeway CA, Ghosh S. 1999. ECSIT is an evolutionarily
conserved intermediate in the Toll/IL-1 signal transduc-
tion pathway. Genes Dev 13:2059–20571.

Kumar R, Wiebon E, Beecher SJ. 1989. The molecular
clonning of the complementary deoxyribonucleic acid for
bovine vitamin D-dependent calcium-binding protein:
Structure of the full-length protein and evidence for
homologies with other calcium-binding proteins of the
troponin-C superfamily of proteins. Mol Endocrinol 3:
427–432.

Leid M, Kastner P, Lyons R, Nakshatri H, Sauders M,
Zacharewski T, Chen JY, Staub A, Garnier JM, Mader
S, Chambon P. 1992. Purification, clonning, and RXR
identity of the HeLa cell factor with which RAR or TR
heterodimerizes to bind target sequences efficiently. Cell
68:377–395.

Li YP, Stashenko P. 1992. Proinflammatory cytokines
tumor necrosis factor-alpha and IL-6, but not IL-1, down
regulate the osteocalcin gene promoter. J Immunol 148:
788–794.

MacGregor TM, Copeland NG, Jenkins NA, Giguere V.
1992. The murine gene for cellular retinoic acid-binding
protein type II. J Biol Chem 267:7777–7783.

Manolagas SC, Provvedini DM, Tsoukas CD. 1985. Inter-
action of 1,25dihydroxyvitamin D3 and the immune
system. Mol Cell Endocrinol 43:113–122.

Markose ER, Stein JL, Stein GS, Lian JB. 1990. Vitamin D-
mediated modifications in protein-DNA interactions at
two promoter elements of the osteocalcin gene. Proc Natl
Acad Sci USA 87:1701–1705.

Minghetti PP, Norman AW. 1988. 1,25(OH)2D3 receptors:
Regulation and genetic circuitry. FASEB J 2:3043–
3053.

Norman AW, Nemere I, Zhou LX, Bishop JE, Lowe KE,
Maiyar AC, Collins ED, Taoka T, Sergeev I, Farach-
Carsn MC. 1992. 1,25(OH)2-vitamin D3 a steroid
hormone that produces biological effects via both geno-
mic and nongenomic pathways. J Steroid Biochem Mol
Biol 41:231–240.

O’Malley B. 1990. The steroid receptor superfamily: More
excitement predicted for the future. Mol Endocrinol 4:
363–369.

Old LJ. 1985. Tumor necrosis factor (TNF). Science 230:
630–632.

Panichi V, De Pietro S, Andreini B, Bianchi AM,Migliori M,
Taccola D, Giovannini L, Tetta C, Palla R. 1998. Calci-
triol modulates in vivo and in vitro cytokine production:
A role for intracellular calcium. Kidney Int 54:1463–
1469.

Pike JW. 1991. Vitamin D3 receptors: Structure and
function in transcription. Annual Rev Nutr 11:189–216.

Vitamin D Response Element in TNF-a Promoter 997



Prehrn JL, Fagan DL, Jordan SC, Adams JS. 1992. Poten-
tiation of lipopolysaccharide-induced tomur necrosis
factor-alpha expression by 1,25-dihydroxyvitamin D3.
Blood 80:2811–2816.

Provvedini DM, Tsoukas CD, Deftos LJ, Manolagas SC.
1983. 1,25dihydroxyvitamin D3 receptors in human
leukocytes. Science 221:1181–1183.

Prufer K, Barsony J. 2002. Retinoid X receptor dominates
the nuclear import and export of the unliganded vitamin
D receptor. Mol Endocrinol 16:1738–1751.

Raabe T, Bukrinsky M, Currie RA. 1998. Relative con-
tribution of transcription and translation to the induction
of tumor necrosis factor-alpha by lipopolysaccharide.
J Biol Chem 273:974–980.

Riancho JA, Zarrabeitia MT, de Francisco AL, Amado JA,
Napal J, Arias M, Gonzalez MJ. 1993. Vitamin D thera-
by modulates cytokine secretion in patients with renal
failure. Nephron 65:364–368.

Rietschel ET, Brade H. 1992. Bacterial endotxins. Sci Am
267:54–61.

Rigby WFC. 1988. The immunobiology of vitamin D.
Immunol Today 9:54–58.

Schrader M, Muller KM, Carlberg C. 1994. Specificity and
flexibility of vitamin D signalling. Modulation of the
activation of natural vitamin D response elements by
thyroid hormone. J Biol Chem 269:5501–5504.

Schrader M, Nayeri S, Kahlen JP, Muller KM, Carlberg C.
1995. Natural vitamin D3 response elements formed by
inverted palindromes: Polarity-directed ligand sensitiv-
ity of vitamin D3 receptor-retinoid X receptor hetero-
dimer-mediated transactivation. Mol Cell Biol 15:1154–
1161.

Semon D, Kawashima E, Jongeneel CV, Shaklov AN,
Nedospasov SA. 1987. Nucleotides sequence of the
murine TNF locus, including the TNF-alpha (tumor
necrosis factor) and TNF-beta (lymphotoxin) genes.
Nucleic Acids Res 15:9083–9084.

Shany S, Levy Y, Lahav-Cohen M. 2001. The effects of 1
alpha, 24(S)-dihydroxyvitamin D2 analog on cancer cell
proliferation and cytokine expression. Steroids 66:319–
325.

Silver G, Krauter KS. 1990. Aryl hydrocarbon induction of
rat cytochrome P-450d results from increased precursor
RNA processing. Mol Cell Biol 10:6765–6768.

Staal A, van Wijnen AJ, Birkenhager JC, Pols HAP, Prahl
J, Deluca H, Gaub MP, Lian JB, Stein GS, van Leeuwen
JPTM, Stein JL. 1996. Distinct conformations of vitamin
D receptor/retinoid X receptor-a heterodimers are speci-
fied by dinucleotide differences in the vitamin D-
responsive elements of the osteocalcin and osteopontin
genes. Mol Endocrinol 10:1444–1456.

Takashi I, Tatsushi M, Takeshige K. 2000. TAK1 mediates
an activation signal from toll-like receptor(s) to nuclear
factor-kB in lipopolysaccharide stimulated macrophages.
FEBS Lett 467:160–164.

Takeuchi O, Akira S. 2001. Toll-like receptors: Their
physiological role and signal transduction system. Int
Immunol 1:625–635.

Tapping RI, Akashi S, Miyake K, Godowski PJ, Tobias PS.
2000. Toll-like receptor 4, but not toll-like receptor 2, is a
signalling receptor for Escherichia and Salmonella
lipopolysaccharides. J Immunol 165:5780–5787.

Tokuda N, Mizuki N, Kasahara M, Levy RB. 1992. 1,25-
Dihydroxyvitamin D3 downregulation of HLA-DR on
human peripheral blood monocytes. Immunology 75:
349–354.

Tsan MF, Clark RN, Goyert SM, White JE. 2001. Induction
of TNF-alpha and MnSOD by endotoxin: Role of mem-
brane CD14 and Toll-like receptor-4. Am J Physiol Cell
Physiol 280:C1422–C1430.

Tsonis PA, Sargent MT, Del Rio-Tsonis K, Chang Jung J.
1996. 9-cis-retinoic acid antaginezes the stimulatory
effect of 1,25-dihydroxyvitamin D3 on chondrogenesis of
chick limb bud mesenchymal cells: Interactions of their
receptors. Int J Dev Biol 40:1053–1059.

Ulevitch RJ, Tobias PS. 1995. Receptor-deppendent mech-
anism of cell stimulation by bacterial endotoxin. Annu
Rev Immunol 13:437–457.

Wright SD, Ramos RA, Tobias PS, Ulevitch RJ, Mathison
JC. 1990. CD14: A receptor for complexes of lipopolysac-
charide (LPS) and binding protein. Science 249:1431–
1433.

Wu Y, Craig TA, Lutz WH, Kumar R. 1999. Identification
of 1 alpha, 25-dihydroxyvitamin D3 response elements
in the human transforming growth factor-beta 2 gene.
Biochemistry 38:2654–2660.

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M,
Goddard A, Wood WI, Gurney AL, Godowski PJ. 1998.
Toll-like receptor-2 mediates lipopolysaccharide-induced
cellular signalling. Nature 17:284–288.

Yu VC, Delsert C, Andersen B, Holloway JM, Devary OV,
Naar AM, Kim SY, Boutin JM, Glass CK, Rosenfeld
MG. 1991. RXR beta: A coregulator that enhances bind-
ing of retinoic acid, thyroid hormone, and vitamin D
receptors to their cognate response elements. Cell 67:
1251–1266.

Zou A, Elgort MG, Allegretto EA. 1997. Retinoid X receptor
(RXR) ligands activate the human 25-hydroxyvitamin
D3-24-hydroxylase promotor via RXR heterodimer bind-
ing to two vitamin D-responsive elements and elicit addi-
tive effects with 1,25-dihydroxyvitamin D3. J Biol Chem
272:19027–19034.

998 Hakim and Bar-Shavit


