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a b s t r a c t

A number of studies have described the effects of 1�,25(OH)2D3 in immune system. Most of the known
effects of 1�,25(OH)2D3 are indirect since only two functional VDREs that regulate transcription of
cytokine gene has been reported until today. In this study we have examined a possibility of direct tran-
ccepted 8 March 2010
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scriptional regulation of IL-2, IL-10 and IL-12B genes in activated Jurkat or THP-1 cells via liganded VDR
by using gene expression analysis and chromatin immunoprecipitation assays. According to our data the
IL-2, IL-10 and IL-12B genes respond to 1�,25(OH)2D3 treatment by 3–6 h. In addition, all of these genes
contain several genomic regions that recruit VDR in a ligand dependent fashion. These data suggest that
the above cytokines are under direct transcriptional regulation by 1�,25(OH)2D3.
itamin D response elements
ranscription

. Introduction

The biological effects of the biologically most active form of
itamin D, 1�,25-dihydroxyvitamin D3 (1�,25(OH)2D3) are medi-
ted through the vitamin D receptor (VDR), which is a member
f a superfamily of ligand-inducible nuclear receptors that con-
rol expression of their primary target genes in response to
inding of steroidal or other lipophilic compounds. The bind-

ng of 1�,25(OH)2D3 to VDR changes the conformation of the
igand-binding domain of the VDR [1]. The changed conformation
romotes the interaction of VDR with its heterodimeric partner, the
etinoid X receptor (RXR) and modulates interactions between VDR
nd a number of different nuclear proteins, such as co-activators
nd co-repressors [2]. These interactions lead to the association
f activating or repressing VDR complexes with specific genomic

equences (VDREs) that are located within the regulatory regions of
rimary 1�,25(OH)2D3 responding genes and ultimately modulate
he expression of these genes.

Abbreviations: 1�,25(OH)2D3, 1�,25-dihydroxyvitamin D3; ChIP, chromatin
mmunoprecipitation; FBS, fetal bovine serum; RE, response element; RXR, retinoid

receptor; TSS, transcription start site; VDR, vitamin D receptor; VDRE, vitamin D
esponse element.
� Special issue selected article from the 14th Vitamin D Workshop held at Brugge,
elgium on October 4–8, 2009.
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In addition to the classic functions in controlling the mineral
homeostasis and cell growth and differentiation, 1�,25(OH)2D3 has
also role in immune response [3,4]. Repression of IL-2 and IL-12
cytokines in response to 1�,25(OH)2D3 treatment is well docu-
mented in different cells of the immune system as well as in vivo
[5–11]. The effect of 1�,25(OH)2D3 to the production of cytokine
IL-10 has been reported to be opposite to that of IL-2 and IL-12B,
while it is induced by 1�,25(OH)2D3 in T and B cells [12–14].
However, there are also contradictory studies, that suggest that
1�,25(OH)2D3 treatment decreases the amount of IL-10 in cul-
tured cells and living animals [8,10,15]. According to the present
understanding, most of the effects of 1�,25(OH)2D3 on cytokine
production appear to be indirect, since until today active vitamin
D response elements (VDRE) have been identified only within IL-
10 gene [13,16]. In this study we have examined the possibility
of direct transcriptional regulation of IL-2, IL-10 and IL-12B genes
via liganded VDR by using gene expression analysis and chromatin
immunoprecipitation assays. According to our data the IL-2, IL-10
and IL-12B genes contain several genomic regions that recruit VDR
in a ligand dependent fashion.

2. Materials and methods

2.1. Cell culture
THP-1 human acute monocytic leukemia cells and Jurkat human
T lymphocyte leukemia cells were maintained in RPMI-1640
medium (Sigma–Aldrich, St. Louis, MO, USA) containing 10% fetal
bovine serum (FBS), 2 mM l-glutamine, 0.1 mg/ml streptomycin,

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:Sami.Vaisanen@uku.fi
mailto:Sami.Vaisanen@uef.fi
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nd 100 U/ml penicillin in a humified 95% air/5% CO2 incubator. For
xperiments the cells were maintained in phenol red-free DMEM,
upplemented with 5% charcoal-stripped FBS, 2 mM l-glutamine,
.1 mg/ml streptomycin, and 100 U/ml penicillin. Prior to mRNA or
hromatin extraction, THP-1 cells were first treated with 100 ng/ml
PS for 24 h, and Jurkat cells with 2 �g/ml phytohemagglutinin
PHA) (Sigma–Aldrich) and 50 ng/ml 12-O-tetradecanoyl-phorbol-
3-acetate (TPA) (Sigma–Aldrich) for 24 h. After that the cells
ere exposed to either solvent (ethanol, 0.1% final concentration)

r to 10 nM 1�,25(OH)2D3 (kindly provided by Milan Uskokovic,
ioxell Inc, Nutley, USA). For mRNA stability studies the cells
ere first treated as above after which 1 �g/ml actinomycin D

Sigma–Aldrich) was added.

.2. Total RNA extraction, cDNA synthesis, and real-time
uantitative PCR

Total RNA was extracted using High Pure RNA Isolation Kit
Roche Diagnostics, Mannheim, Germany), and cDNA synthesis was
erformed using Transcriptor High Fidelity cDNA Synthesis Kit
Roche) according to the manufacturer’s instructions. Real-time
uantitative PCR was performed with LightCycler 480 apparatus
Roche) using TaqMan Gene Expression Assays (Applied Biosys-
ems, Carlsbad, CA, USA), with RPLP0 serving as a control gene. PCR

ycling conditions were: 10 min at 95 ◦C, followed by 50 cycles of
5 s at 95 ◦C and 60 s at 60 ◦C. Fold changes were calculated using
he formula 2−(��Ct), where ��Ct = �Ct(stimulus) − �Ct(solvent), and

Ct = Ct(target gene) − Ct(RPLP0). Ct is the cycle at which the threshold
ine is crossed. Two-tailed Student’s t-tests were performed to cal-

ig. 1. Expression profiling of the human IL-2, IL-10 and IL-12B genes in Jurkat or THP-1 c
xpression levels of the IL-2 in activated Jurkat cells (A) and IL-10 (B) and IL-12B (C) in ac
ere treated with 10 nM 1�,25(OH)2D3 for indicated times prior to the extraction of RNA

reating the cells with actinomycin D (1 �g/ml) prior to extraction of total RNA (D). Two-t
alculated in reference to solvent treatments (*P = 0.01 to 0.05, **P = 0.001 to 0.01, ***P < 0
ry & Molecular Biology 121 (2010) 142–145 143

culate statistical significances between solvent treated and ligand
treated samples.

2.3. ChIP assays

Chromatin immunoprecipitation (ChIP) assays were performed
as previously described [17]. The recovered chromatin solutions
were diluted 1:10 (v/v) in ChIP dilution buffer, and incubated with
1 �g of antibody against VDR (sc-1008) from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA) at 4 ◦C overnight. The non-specific IgG
(12-370) used as a control was from Upstate Biotechnology (Lake
Placid, NY, USA). The immunocomplexes were collected with pro-
tein A agarose slurry (Millipore, Billerica, MA, USA) and washed
as previously described. The samples were reverse cross-linked
with 2 �l of proteinase K (Fermentas, Vilnius, Lithuania) overnight
at 64 ◦C, after which phenol:chloroform extraction and ethanol
precipitation were performed. ChIP samples were analyzed with
real-time PCR by using SYBR Green dye and 2% agarose gel elec-
trophoresis.

3. Results

3.1. Genes encoding cytokines IL-2, IL-10 and IL-12B respond
rapidly to 1˛,25(OH)2D3 treatment
We measured ligand-dependent mRNA expression of IL-2 in
Jurkat cells pretreated with PHA/TPA and expression of IL-10 and
IL-12B in THP-1 cells pretreated with LPS. According to our data,
the expression of IL-2 (Fig. 1A) and IL-10 (Fig. 1B) decreased sig-

ells. Quantitative real-time PCR was performed in order to study the relative mRNA
tivated THP-1 cells and their responsiveness to 1�,25(OH)2D3 over time. The cells
. Stabilities of IL-2, IL-10 and IL-12B mRNAs in Jurkat or THP-1 cells were studied by
ailed Student’s t-tests were performed using Prism4.0c software and P-values were
.001). In each panel, n is at least 3. Error bars indicate S.D.
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Table 1
PCR primers used in ChIP assays. Sequences and location relative to the TSS (+1) are
shown.

Gene Region Location from TSS Primer sequences

IL-2 23 −8744 bp to −8280 bp 5′-ATGGCTGGGTACTCCTC-3′

5′-TTCTTTGCCGTGGGTTC-3′

1 +1255 bp to +1647 bp 5′-TGCCAGGGTGAATCCAA-3′

5′-TTCTACCACCCCCTAAAT-3′

IL-10 22 −7885 bp to −7271 bp 5′-CACATGCTCAGCCGCCCA-3′

5′-GCACTCTTCACTTTCTACTTC-3′

9 −1986 bp to −1432 bp 5′-CTAACACAGACACAGCCCAG-3′

5′-GCAATAGCACCTGTCCTCC-3′

2 +1006 bp to +1473 bp 5′-AGGGCATCAAAAAGACCGCAT-3′

5′-TGGATCATCTCAGACAAGGC-3′

IL-12B 17 −6750 bp to −6297 bp 5′-ACCACACCTAAAACAGATGC-3′

5′-ACCACCACTAACATACTTTG-3′
′ ′

n
r
e
a
t
n
t
r
s
g
s

b
P
t
w

3
g

I
f
u
b
+
s
e
(

P
w
p
p
C
r
r
(
r

4

t
r
l

Fig. 2. In silico screening and ligand-dependent association of VDR to IL-2 (A), IL-
13 −4512 bp to −3643 bp 5 -ACACTTCCACTCTTCTTTTG-3
5′-GTGATAGACAAGGCAGGTTT-3′

5 −516 bp to −17 bp 5′-AGGACTAATGTGGAGGAAGG-3′

5′-TGCTGTTGCTGGTACTGGAA-3′

ificantly already after 3 h ligand treatment. Interestingly, the
epression of both IL-2 and IL-10 was temporal, since the lowest
xpression could be observed 6 h after onset of ligand treatment
nd after that the expression returned to basal level at 24 h. Instead,
he 1�,25(OH)2D3 dependent repression of IL-12B expression could
ot be observed until 6 h after onset of ligand treatment, but then
he repression was continuous and the strongest repression was
eached 24 h after onset of ligand treatment (Fig. 1C). These results
uggest that the above genes are primary 1�,25(OH)2D3 target
enes and thus there should be at least one direct or indirect binding
ite for VDR within their promoter or coding regions.

The stabilities of IL-2, IL-10 and IL-12B mRNAs were determined
y treating the Jurkat or THP-1 cells with actinomycin D after
HA/TPA or LPS pretreatments, respectively (Fig. 1D). According
o our results, the half-lifes of the mRNAs of IL-2, IL-10 and IL-12B
ere 1.6 h, 1.3 h and 3.8 h, respectively.

.2. Number of VDR binding sites within IL-2, IL-10 and IL-12B
enes

In order to locate the genomic regions within IL-2, IL-10 and
L-12B genes that recruit VDR in a ligand dependent fashion, we
ollowed the same strategy as were used previously [17]. First we
sed in silico screening to locate all the putative VDREs and E-
ox elements. With all the genes above, regions from −10 kB to
2 kB were screened. The screening revealed a number of clas-
ic DR3-type and DR4-type VDREs as well as ER7, ER8 and ER9
lements. In addition, several E-box elements could be found
Fig. 2).

Next we used chromatin from formaldehyde cross-linked,
HA/TPA or LPS pretreated Jurkat or THP-1 cells, respectively,
hich had been treated with 1�,25(OH)2D3. The chromatin was
recipitated with anti-VDR antibody and the eluted chromatin tem-
late was used for a ChIP scanning analysis (data not shown). Our
hIP data suggest that VDR associated ligand dependently at two
egions within IL-2 gene (Fig. 2A). IL-10 had three regions that
ecruited VDR (Fig. 2B) and IL-12B had three VDR binding regions
Fig. 2C). The PCR primers used to amplify the genomic regions that
ecruited VDR are indicated in Table 1.

. Discussion
Although there are number of studies on 1�,25(OH)2D3 func-
ions in immune system, only two functional VDREs have been
eported within any cytokine genes till today. In this study we uti-
ized in silico screening and ChIP assays in order to locate genomic
10 (B) and IL-12B (C) genes in Jurkat or THP-1 cells. For ChIP analysis, chromatin
was extracted from PHA/TPA or LPS pretreated Jurkat or THP-1 cells that had been
treated for indicated time periods with 10 nM 1�,25(OH)2D3.

regions that recruit liganded VDR within IL-2, IL-10 and IL-12B
genes. Our mRNA expression assays suggested that IL-2 and IL-10
were significantly and ligand dependently repressed already 3 h
after onset of 1�,25(OH)2D3 treatment. Due to the rapid and strong
repression, it is unlikely that the observed ligand effect could be
explained as a secondary or other indirect effect suggesting a direct
transcriptional down regulation of these genes by 1�,25(OH)2D3.
An interesting feature in the mRNA expression profiles of IL-2 and
IL-10 was their temporality as both of them were strongly repressed
3 and 6 h after onset of ligand treatment, but then their expres-
sion returned back to basal level. Because the mRNA levels were

not determined later than 24 h after onset of 1�,25(OH)2D3 treat-
ment, we cannot exclude a possibility that one or both of these
genes would be induced after longer ligand treatment times by
secondary effects or other indirect ways. The possibility of direct
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ranscriptional regulation of IL-2 and IL-10 by 1�,25(OH)2D3 was
upported by our in silico and ChIP scanning data which revealed
enomic regions that both recruited liganded VDR and contained
lassic NR binding consensus sequences.

The repression of IL-12B was not visible until 6 h after onset of
�,25(OH)2D3 treatment. However, the stability of IL-12B mRNA
as more than two fold in comparison to that of IL-2 or IL-10, which

xplains at least in part, the later repression than with IL-2 and IL-
0. Nevertheless, in the case of IL-12B the observed repression can
e explained as secondary effect or indirect effect via repression
f NF-kB transcription and inhibition of NF-kB binding to IL-12B
romoter as was reported by D’Ambrosio et al. [7]. However, our
hIP results revealed three genomic regions within IL-12B promoter
hat recruited VDR in a ligand dependent fashion suggesting that
�,25(OH)2D3 may directly regulate the transcription of IL-12B.

In conclusion, by using in silico screening and ChIP scanning
e have found several VDR binding sites within IL-2, IL-10 and

L-12B genes that recruit VDR ligand dependently. Whether these
egions actually take part to the transcriptional regulation of above
ytokines remains to be elucidated.
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