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Background: Functional interaction of vitamin D (VitD) with steroid receptor superfamily receptors is poorly understood.
Results: 1,25(OH)2-VitD stimulated glucocorticoid (GC) induction of mitogen-activated protein kinase phosphatase-1
(MKP-1) in humanmonocytes via increased binding of the glucocorticoid receptor to theMKP-1 gene promoter, dependent on
VitD receptor, GM-CSF, and MED14.
Conclusion: VitD potentiates CG through MKP-1.
Significance: This study proposes enhancement of GC responses by VitD.

Vitamin D (VitD) is now recognized for its pleiotrophic roles
in regulating immune function. VitD interaction with other ste-
roid receptor superfamily receptors in peripheral blood mono-
nuclear cells is poorly understood. In the current study, we dem-
onstrate that VitD enhanced glucocorticoid (GC) responses in
human peripheral blood mononuclear cells because it stimu-
lated GC induction of mitogen-activated protein kinase phos-
phatase-1 (MKP-1) and enhancedGC inhibitionof LPS-induced
IL-6. These VitD effects were abolished in purified CD14� and
CD14� cells butwere recovered inCD14� cells co-culturedwith
CD14� cells separated by tissue culture inserts. GM-CSF, found
in culture supernatants fromCD14- cells, was shown tomediate
VitD enhancement of GC-inducedMKP-1 production inmono-
cytes via increased production of mediator complex subunit 14
(MED14). Recruitment of VitD receptor and MED14, 4.7 kbp
upstream of the human MKP-1 gene transcription start site,
enhanced binding of glucocorticoid receptor and histone H4
acetylation at the 4.6-kbp glucocorticoid response element of
theMKP-1 promoter in the presence of GM-CSF in U937 cells.
Knockdown of MED14 abolished VitD-mediated enhancement
of GC-induced MKP-1 production. These data demonstrate
VitD-mediated stimulation of GC anti-inflammatory effects in
human monocytes and identify a role for GM-CSF and MED14
as mediators of this process.

A growing body of scientific and medical literature supports
the important anti-inflammatory functions of vitamin D
(VitD)2 in health and disease beyond its known role in calcium

metabolism and bone health (1, 2). VitD acts as a ligand for the
VitD receptor (VDR), which belongs to the nuclear receptor
superfamily (3). VDR dimerizes with the retinoid X receptor
and regulates gene expression by binding to the VitD response
element (VDRE) in gene promoters (4, 5). The binding of VDR
to VDRE recruits co-activators and enzymes with histone
acetylation activity, causing structural changes in chromatin,
therefore facilitating gene transcription (6). The potential
interaction of VitD with other steroid receptor superfamily
receptors, including glucocorticoid receptor (GR), is poorly
understood.
Glucocorticoids (GCs) are well known for their anti-inflam-

matory actions (7). The effects of GC are mediated by GR,
which translocates to the cell nuclei once activated by bind-
ing to GC. GR dimerizes and binds to GC-responsive ele-
ments (GREs) to regulate expression of specific genes, includ-
ing mitogen-activated kinase phosphatase 1 (MKP-1) (8–11).
The induction ofMKP-1 byGChas beenwell documented, and
several GREs have been reported in theMKP-1 promoter (12).
MKP-1 belongs to a family of phosphatases that inactivate
MAPKs by dephosphorylating conserved threonine and tyro-
sine residues of the activated MAPKs (13, 14), thus inhibiting
the production of pro-inflammatory mediators regulated by
MAPKs, and this function is essential for the anti-inflammatory
actions of GC (15, 16).
Cross-sectional analysis of the National Health and Nutri-

tion Examination Survey 2001–2006 report (17) demonstrated
that the odds of having VitD deficiency were 2-fold higher in
those who reported GC use compared with those without ste-
roid use (odds ratio, 2.36; 95% confidence interval, 1.25, 4.45). It
was concluded that GC use is independently associated with
VitD deficiency, and a need for screening and repletion in
patients on chronic steroids was suggested (17). Recent publi-
cations by our research group and others (18–21) have found
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that asthmatics with low serum VitD have impaired lung func-
tion, increased airway hyperreactivity, and increased cortico-
steroid requirements. We demonstrated that dexamethasone
(DEX)-induced MKP-1 expression, as a marker of GC respon-
siveness, is significantly increased as serumVitD levels rise (18).
This suggests that VitD may enhance GC responsiveness. This
study was designed to examine the mechanisms of potential
steroid-enhancing effects of VitD through its regulation of the
MKP-1 gene in human peripheral blood mononuclear cells
(PBMCs).

EXPERIMENTAL PROCEDURES

Materials—LPS, DEX, 1,25(OH)2D3 (the active form of
VitD), and monoclonal anti-�-actin antibody were purchased
from Sigma. Rabbit polyclonal antibody to GR and rabbit IgG
were purchased from Abcam, Inc. (Cambridge, MA). Anti-
mouse and anti-rabbit horseradish peroxidase (HRP)-labeled
IgG were purchased fromAmersham Biosciences. Rabbit poly-
clonal antibodies to VDR, MKP-1, and Protein A/G PLUS-aga-
rose beads were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA). Chemiluminescent reagent was pur-
chased from PerkinElmer Life Sciences. Recombinant human
GM-CSF, monoclonal anti-human GM-CSF antibody, Quan-
tikine human GM-CSF immunoassay kit, and a human cyto-
kine array kit were purchased from R&D Systems, Inc. (Minne-
apolis, MN). ON-TARGETplus SMARTpool siRNA against
MED14 (mediator complex subunit 14) and ON-TARGETplus
Non-targeting Pool siRNA were purchased from Dharmacon
(Lafayette, CO). Amaxa Cell Line Nucleofector Kit C was pur-
chased from Lonza (Basel, Switzerland).
Cell Culture and Treatment—The U937 cell line was pur-

chased from the American Type Culture Collection and cul-
tured in RPMI 1640 medium supplemented with 10% fetal calf
serum (FCS). PBMCs were isolated from heparinized, venous
blood of healthy donors by Ficoll-Hypaque density gradient
centrifugation. CD14� cells were separated from PBMC using
the HumanMonocyte Isolation Kit II purchased fromMiltenyi
Biotech Inc. (Auburn, CA). CD14- cells used in experiments
were labeled non-monocyte cells trapped on the columnduring
the process of negative selection of CD14� cells and later eluted
from the column. Millicell cell culture inserts purchased from
Millipore Corp. (Billerica, MA) were used to co-culture CD14�

cells (or U937 cells) and CD14� cells. Cells were cultured in
hormone-free medium (phenol red-free RPMI containing 5%
charcoal-stripped FCS, 50 �g/ml streptomycin, and 50
units/ml penicillin) during hormone and LPS treatments.
Real-time PCR—Total RNA from cells was prepared using

the RNeasy minikit (Qiagen, Valencia, CA). After reverse tran-
scription, cDNA from each sample was analyzed by real-time
PCR using the dual-labeled fluorigenic probe method on an
ABI Prism 7300 real-time PCR system (Applied Biosystems).
Expression of specific geneswas determined using primers pur-
chased from Applied Biosystems (Foster City, CA). Relative
gene expression levels were calculated and normalized to the
corresponding levels of the housekeeping gene (�-actin).
Western Blot—Protein samples were resolved on Invitrogen

4–12% BisTris gel and transferred to PVDF membranes. The
membraneswere incubated in PBS containing specific antibod-

ies, 5% dry milk, and 0.1% Tween 20 at 4 °C overnight. Subse-
quently, membranes were washed in PBS, 0.1%Tween 20, incu-
bated for 1 h at room temperature with HRP-labeled secondary
antibodies, washed, incubated with chemiluminescent reagent,
and processed for autoradiography.
ELISA Analysis—Supernatants were collected from cultured

cells. IL-6 levels were tested using the human IL-6 ELISA
Ready-set-go! kit from eBioscience, Inc. (San Diego, CA). GM-
CSF levels were tested using the Quantikine human GM-CSF
immunoassay kit from R&D Systems.
Chromatin Immunoprecipitation (ChIP) Assay—VDR bind-

ing to VDRE and GR binding to GRE were assessed by a ChIP
assay as described previously (22) with modifications. Briefly,
4 � 106 cells were used in each precipitation. After sonication,
1ml of chromatin solution was precleared with 60�l of Protein
A/G PLUS-agarose beads plus 12 �g of herring DNA at 4 °C for
2 h and incubated with specific antibody or isotype control at
4 °C overnight, followed by precipitation with 60 �l of Protein
A/G PLUS-agarose beads at room temperature for 2 h. Precip-
itated chromatin complexes were removed from the beads
through incubation at 65 °C for 30 min with 210 �l of Elution
Buffer (50 mM Tris, pH 8.0, 1 mM EDTA, 1% SDS). 200 �l of
eluate was mixed with 10 �l of 5 M NaCl, 1 �l of RNase A (10
mg/ml, DNase-free), and incubated at 65 °C overnight. Samples
were then digested with proteinase K. DNA was purified with
QIAquick PCR purification columns (Qiagen). Precipitated
DNAwas quantified by quantitative real-time PCR using SYBR
Green (Applied Biosystems). Primers to detect GRE4.6 and
GRE1.3 were synthesized according to Ref. 12; primers to
detect VDRE4.7 were as follows: 5�-AGCTGGGATTCTAAT-
CCAGGCAGT-3� and 5�-CTTTGGAAGGTGGAGTTCC-
TCTCA-3�.

Re-ChIP experiments were done using anti-MED14 anti-
body to precipitate the chromatin complex first and then pre-
cipitate the complex again with anti-VDR or anti-GR antibod-
ies following the ChIP procedures as above. Precipitated DNA
was quantified by real-time PCR using primers to detect
GRE4.6.
Inhibition of MED14 Expression—1 � 106 U937 cells were

transfected with 300 nM siRNA against MED14 or non-target-
ing control siRNA using Amaxa Cell Line Nucleofector Kit C
following the manufacturer’s instructions.
Statistical Analyses—Results were expressed as the mean �

S.E. Statistical analysis was conducted using GraphPad Prism,
version 5 (GraphPad Software, La Jolla, CA). These data were
analyzed by the paired Student’s t test, pairing by experimental
conditions. Before testing, paired difference distributions were
examined for outliers, which can indicate violation to the nor-
mality assumption of the t test. No outliers were apparent. Dif-
ferences were considered significant at p� 0.05. Aminimumof
three independent experiments were conducted to allow for
statistical comparisons.

RESULTS

VitD Reduces the Concentration of GC Required for MKP-1
Induction and Enhances the Activity of GC to Suppress Proin-
flammatory Cytokine Production by Human PBMCs—To
determinewhether VitD affects the induction ofMKP-1 byGC,
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human PBMCs were preincubated with 10 nM 1,25(OH)2D3
(the biologically active form of VitD) or vehicle control (etha-
nol) for 21 h, followed by treatment with 10 or 100 nM DEX, a
synthetic GC, for 3 h. We observed that DEX alone induced
MKP-1 mRNA by 9.4 � 1.9-fold (p � 0.05 as compared with
medium-treated cells) and 16.6 � 3.9-fold (p � 0.05) when the
cells were treated with 10 and 100 nM DEX, respectively, and
the expression of MKP-1 mRNA was enhanced 2.9 � 0.4-fold
(p � 0.05 as compared with DEX alone) and 2.6 � 0.3 fold (p �
0.05), respectively, if the cells were preincubated with VitD
prior to treatment with DEX. VitD alone induced MKP-1 by
3.2 � 0.4-fold (p � 0.05 as compared with media-treated cells)
(Fig. 1A).
We recently reported that VitD up-regulatedMKP-1 inhibits

LPS-induced IL-6 and TNF� production in monocytes/macro-
phages (23). To examinewhether changes inMKP-1 expression
byVitD andGCcombination enhancedGC suppression of pro-
inflammatory cytokine production, human PBMCswere prein-
cubated with VitD for 24 h, followed by stimulation with 10
ng/ml LPS for 6 h. IL-6, TNF�, and MKP-1 mRNA expression
were examined in the cells for all treatment conditions. LPS
treatment stimulated IL-6 mRNA production by the cells (p �
0.01). VitD and DEX significantly inhibited LPS-induced IL-6
mRNA expression by 51% (n� 4, p� 0.01) and 54% (n� 4, p�
0.01), respectively; the combination of VitD and DEX resulted
in 81% inhibition of LPS-induced IL-6mRNA levels (n� 4, p�
0.01) (Fig. 1B). Upon stimulation with LPS, the amounts of IL-6
protein in culture supernatants increased from 656 � 67 to
4244 � 534 pg/ml (p � 0.01). VitD and DEX inhibited LPS-
induced IL-6 protein production by 63% (n � 4, p � 0.01) and

67% (n� 4,p� 0.01), respectively; the combination ofVitD and
DEX enhanced this inhibition to 80% (n� 4, p� 0.01) (Fig. 1C).
VitD and DEX synergistically inhibited LPS-induced TNF�
mRNA production in human monocytes as well (supplemental
Fig. 1).
At the same time, significant changes in the cellular MKP-1

mRNA expression were observed (Fig. 1D). LPS treatment
resulted in the up-regulation ofMKP-1mRNA expression (p�
0.05). CellularMKP-1mRNA levels were further induced 4.5�
1.4-fold (mean � S.D.) in response to LPS/DEX (p � 0.01 as
comparedwith LPS-treated cells).MKP-1mRNA expression in
response to LPS was significantly higher in VitD-pretreated
cells (p � 0.01 as compared with the cells cultured in media
alone for 24h, followedby 6hof LPS treatment).MKP-1mRNA
expressionwas the highest in the cells pretreatedwith VitD and
stimulated with DEX and LPS as compared with all other treat-
ment conditions (Fig. 1D).
Enhancing Effects of VitD on GC-mediated Gene Transcrip-

tion Are Observed in Human Monocytes and Require CD14�

Cells—To further understand the effects of VitD on DEX-in-
duced MKP-1, CD14� and CD14� cells were cultured sepa-
rately with VitD for 21 h, followed by 3 h of DEX treatment.
MKP-1 induction was assessed by real-time PCR in CD14� and
CD14� cells. It was found that VitD lost its ability to enhance
DEX induction of MKP-1 in purified CD14� and CD14� cells
separated from each other (Fig. 2, A and B). Co-culture of
CD14� and CD14� cells using a tissue culture insert, which
prevented direct cell contact but allowed medium exchange
between the two cell compartments, restored VitD steroid-en-
hancing action in CD14� cells but not in CD14� cells (Fig. 2, C

FIGURE 1. VitD enhances MKP-1 induction by DEX (A), stimulates DEX inhibition of the LPS-induced IL-6 production (B and C), and increases MKP-1
induction by DEX in the presence of LPS in human PBMCs (D). A, PBMC from healthy donors were preincubated with VitD for 21 h, followed by DEX
treatment at 10 and 100 nM, respectively, for 3 h. MKP-1 mRNA levels were detected by real-time PCR and were normalized to �-actin mRNA (n � 6). B and C,
PBMCs were preincubated with VitD (10 nM) for 24 h, followed by LPS (10 ng/ml) stimulation for 6 h with or without DEX (10 nM). IL-6 (B) and MKP-1 (D) mRNA
levels in PBMC and IL-6 protein levels in the culture supernatants (C) were detected by real-time PCR and ELISA, respectively (n � 4). Values represent mean �
S.E. (error bars).
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and D). Similarly, if the monocytic cell line, U937, was co-cul-
tured with CD14� cells, MKP-1 mRNA induction by DEX in
U937 cells was significantly greater in the presence of VitD as
compared with DEX alone (Fig. 2E). These data suggested that
an unknown soluble factor produced by CD14� cells in the
presence of VitD was responsible for the steroid-enhancing
effects of VitD in human CD14� monocytes.
GM-CSF Produced by CD14� Cells Significantly Increases

DEX Induction of MKP-1 in U937 Cells in the Presence of VitD—
Soluble factors produced by CD14� were assessed in the super-
natants of VitD-stimulated CD14� cells using a human cyto-
kine array kit. GM-CSF was found in the supernatants from
CD14� cells but not in the supernatants fromCD14� cells after
24 h of VitD stimulation (supplemental Fig. 2). To confirm this,
GM-CSF mRNA and protein expression were examined in
CD14� and CD14� cells cultured with and without VitD for
24 h. CD14� cells cultured inmedia for 24 h producedGM-CSF
mRNA and protein. The expression of GM-CSF mRNA and
protein was significantly increased in CD14� cells after VitD
treatment (4.0 � 0.8-fold (p � 0.05) and 3.9 � 0.6-fold (p �
0.05) for mRNA and protein, respectively (Fig. 3, A and B)). No
detectable GM-CSFmRNA expression andGM-CSF protein in
corresponding culture supernatants were observed in media-
and VitD-cultured CD14� cells (data not shown).
The effect of GM-CSF neutralization in cell culture superna-

tants from CD14� cells on steroid-enhancing actions of VitD
was tested. After the depletion of GM-CSF from CD14� cell
culture supernatants, the potentiation of DEX-inducedMKP-1
mRNA production by VitD in CD14� cells by these cell culture
supernatants was completely abolished (Fig. 3C). VitD
enhanced DEX-induced MKP-1 mRNA production by U937
cells in the presence of recombinant GM-CSF (Fig. 3D). Poten-
tiation of VitD effects on DEX induction of MKP-1 was
observed with as little as 10 pg/ml GM-CSF. MKP-1 induction
by VitD alone was significantly increased in the presence of all
of the tested doses of GM-CSF. These changes in MKP-1
mRNA expression reflected the changes in MKP-1 protein

expression for the experimental conditions tested. As shown by
Western blot, DEX treatment significantly induced MKP-1
protein expression in U937 cells (p � 0.05), and no VitD
enhancement of MKP-1 protein production was observed in
the absence of GM-CSF (Fig. 3, E and F). However, in the
presence of GM-CSF, VitD significantly enhanced DEX-in-
duced MKP-1 protein expression in these cells (p � 0.05)
(Fig. 3, E and F).
GM-CSF-induced MED14 in U937 Cells—The expression of

co-activators, co-repressors, and histone acetyltransferases
known to interact with VDR and GR (including NCoR1,
NCoR2, SMARCA2, SMARCA4, PCAF, NCOA1, NCOA2,
NCOA3, CBP, P300, KAT5, ATF2, MED1, and MED14) was
evaluated by real-time PCR in the U937 cells treated with the
combination of GM-CSF and VitD as compared with VitD
alone. The combination of GM-CSF and VitD significantly
increased MED14 mRNA expression by U937 cells as com-
paredwithGM-CSF alone (Fig. 4A), and this resulted in up-reg-
ulation of theMED14 protein expression byU937 cells (Fig. 4,B
and C).
Recruitment of VDRandMED14 toHumanMKP-1 Promoter

Enhances GR Binding and Histone H4 Acetylation at the GRE
Adjacent to the VDRE in Human MKP-1 Gene Promoter—We
examined VDR and GR interaction with the human MKP-1
gene promoter in U937 cells under various treatment condi-
tions. VDR interaction with a potential VDRE (VDRE4.7) (23)
and GR interaction with two reported GREs (GRE4.6 and
GRE1.3) (12) in theMKP-1 gene promoter were evaluated by a
ChIP assay. A schematic drawing of the human MKP-1 gene
promoter and location of VDRE and GREs tested is shown in
Fig. 5A.
The potential VDRE sequence AGTTCAAATCATTCA is

located at �4708 to �4694 from the transcriptional start site
(VDRE4.7) (23) in the human MKP-1 gene promoter. After
treatment with VitD, a significant increase in VDR binding to
this region of the MKP-1 gene promoter was observed (p �
0.01). No MED14 binding to this VDRE was found if the cells

FIGURE 2. VitD enhances DEX induction of MKP-1 in CD14� cells and U937 cells monocytic cell line only in the presence of CD14� cells. A, purified CD14�

cells (n � 12); B, purified CD14� cells (n � 12); C, CD14� cells with CD14� cells in tissue culture inserts (n � 4); D, CD14� cells in tissue culture inserts with CD14�

cells on the bottom of the cell culture wells (n � 4); E, U937 cells with CD14� cells in tissue culture inserts (n � 3) were preincubated with VitD for 21 h, followed
by DEX (10 nM) treatment for 3 h. MKP-1 mRNA levels were detected by real-time PCR and were normalized to �-actin mRNA. Values represent mean � S.E. (error
bars).
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were treated only with VitD. If cells were stimulated by VitD
andGM-CSF, VDR binding to VDREwas unaltered; however, a
significant recruitment of MED14 to this VDRE in the MKP-1
gene promoter was observed (p� 0.05). DEX treatment did not
influence VDR and MED14 recruitment to VDRE4.7 in the
MKP-1 gene promoter (Fig. 5, B and C).
As for GR recruitment to the published GRE4.6 and GRE1.3

sites in the human MKP-1 gene promoter (12), a significant
increase in GR binding to both GRE regions was observed after
the cells were treated with DEX. VitD did not affect the GR
binding to these two sites, but in the presence of GM-CSF, VitD
enhanced the binding of GR to GRE4.6 (p � 0.01) and did not
affect the GR binding to GRE1.3 (Fig. 5, D and E).

Histone H4 acetylation in the vicinity of VDR and GR bind-
ing sites VDRE4.7 and GRE4.6 was examined by a ChIP assay
using primers to amplify VDRE4.7. The results showed that in
the absence of GM-CSF, DEX induced histone H4 acetylation
(p � 0.01) in this region, and VitD treatment had no effect on
histone H4 acetylation in this region. However, in the presence
of GM-CSF, VitD alone induced histone H4 acetylation in the
VDRE4.7 region (p � 0.01) and further enhanced histone H4
acetylation induced by DEX (p � 0.05) (Fig. 5F).

To further investigate whetherMED14, VDR, andGR form a
complex around the site of GRE4.6, re-ChIP experiments were
done using chromatin precipitationwith anti-MED14 antibody
followed by the re-ChIP with anti-GR or anti-VDR. The results

FIGURE 3. GM-CSF produced by CD14� cells stimulates MKP-1 induction by VitD and enhances MKP-1 induction by DEX in the presence of VitD.
Purified CD14� cells were treated with VitD for 24 h. GM-CSF mRNA levels in the CD14� cells (A) and protein levels in the culture supernatants (B) were detected
by real-time PCR and ELISA, respectively (n � 4). C, cell culture supernatants from VitD-stimulated CD14� cells allow VitD enhancement of DEX-induced MKP-1
mRNA production by U937 cells, and this effect is abolished if GM-CSF is depleted from cell culture supernatants. Cell culture supernatants from VitD-treated
CD14� cells were depleted of GM-CSF using 0.5 �g of anti-GM-CSF-specific antibody (or isotype control) at 37 °C for 1 h, followed by precipitation with 60 �l
of Protein A/G PLUS-agarose beads at room temperature for 2 h. Supernatants cleared of antibody�protein A/G complexes by centrifugation were added to the
U937 monocytic cell line. The cells were treated with VitD for 21 h, followed by DEX (10 nM) treatment for 3 h. MKP-1 mRNA levels were detected by real-time
PCR (n � 3). Recombinant GM-CSF dose-dependently stimulated VitD-mediated enhancement of DEX-induced MKP-1 mRNA (D) and protein (E) production in
U937 cells. D, U937 cells were incubated with human recombinant GM-CSF at the indicated doses together with VitD for 21 h, followed by DEX (10 nM)
treatment for 3 h. MKP-1 mRNA expression was detected as above (n � 3). E, U937 cells were incubated with 60 pg/ml human recombinant GM-CSF together
with VitD for 21 h, followed by DEX (10 nM) treatment for 3 h, and MKP-1 expression was determined in cell protein extracts by Western blot. �-Actin expression
in cell extracts was used as a loading control. Images are representative of three independent experiments. F, -fold changes in the densitometry readings of
MKP-1 expression normalized to �-actin expression for the cells treated with and without GM-CSF are shown. -Fold changes were calculated in comparison
with vehicle control set as 1. Values represent mean � S.E. (error bars).
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showed thatMED14 formed a complexwithVDRandGRat the
site ofGRE4.6 under the treatment ofGM-CSF,VitD, andDEX,
indicating simultaneous interaction of MED14�GR�VDR at this
site of the humanMKP-1 promoter (Fig. 5G).
Knockdown ofMED14 Expression inU937 Cells Abolishes the

Enhancement of DEX Induction of MKP-1 by VitD—To deter-
minewhether VitD enhancement of DEX-inducedMKP-1 pro-
duction by U937 cells in the presence of GM-CSF is mediated
by MED14, we specifically knocked down MED14 expression
by RNA interference and assessed DEX induction of MKP-1.
MED14 siRNA significantly inhibited the base-line and VitD-
inducedMED14mRNA and protein expression in the presence
of GM-CSF (Fig. 6, A–C). As before, VitD enhanced the DEX
induction of MKP-1 with the presence of GM-CSF if the cells
were transfected with control siRNA. In contrast, when cells
were transfectedwithMED14 siRNA,VitD-mediated enhance-
ment of DEX-induced MKP-1 mRNA production was abro-
gated (Fig. 6D). These data confirm that VitD enhances GR
action through MED14 in the presence of GM-CSF.

DISCUSSION

In this study, we demonstrate for the first time a mechanism
for the steroid-enhancing effects of VitD in humanmonocytes.
Further experiments demonstrated that GM-CSF, secreted
by CD14� cells, induced MED14 expression in monocytes
and subsequently contributed to the enhancement of GC-
inducedMKP-1 expression by VitD inmonocytes. ChIP assays,
in our study, demonstrated that GM-CSF and VitD treatment
increased VDR and MED14 binding to the potential VDRE in
the humanMKP-1 gene promoter and subsequently enhanced
GR binding to a GRE in theMKP-1 gene promoter located near
the VDRE site following DEX treatment. Furthermore, histone
H4 acetylation around the VDRE area in theMKP-1 gene pro-
moter was significantly enhanced following the VDR and GR
binding in the presence of GM-CSF. Our current study there-
fore demonstrates that steroid-enhancing effects of VitD, in

human monocytes, require GM-CSF produced by CD14� cells
and are mediated by the MED14 transcriptional co-activator,
which enhances GR interaction with GRE in the vicinity of the
VDRE site in the humanMKP-1 gene promoter. This results in
increased production of the anti-inflammatory gene,MKP-1, in
human monocytes as summarized in Fig. 7.
The GR has two major anti-inflammation mechanisms.

Transrepression involves interaction of GR with proinflamma-
tory transcription factors, such as activator protein 1 (AP-1)
and nuclear factor �B (NF�B), that inhibits their activity and
accounts for the major anti-inflammatory and immunosup-
pressive effects of GC (24). GC-boundGR interacts with NF�B,
recruits transcriptional repressors, and interferes with the
NF�B transcriptional activity (25–27). In addition, the anti-in-
flammatory effects of GR can involve a second mechanism
called transactivation involving gene induction ofMKP-1 phos-
phatase that subsequently dampens the activation of p38
MAPK, an upstream activator of NF�B (28, 29) known to be
involved in transcriptional and posttranscriptional regulation
of proinflammatory cytokine production (15, 30). Despite the
excellent efficacy of GC to control inflammation, side effects
frequently limit long term GC application. The side effects of
GCs have been shown to be strictly dose-dependent (31).
Therefore, it is desirable to lower the dose of GC treatment
while keeping the same level of production of GC-regulated
genes that exhibit anti-inflammatory effects, such as MKP-1.
In recent years, VitD has been shown to have potent anti-

inflammatory effects and is now considered as adjunctive ther-
apy for numerous chronic diseases, including asthma, arthritis,
and prostate cancer (19, 32, 33). It has been demonstrated that
VitD directly induces the production of antimicrobial peptides,
such as cathelicidin and human �-defensin 4, by humanmono-
cytes/macrophages and epithelial cells (34–36). VitD can also
interfere with the nuclear translocation of NF�B by increasing
the expression of IkB� (37). We recently identified the up-reg-
ulation of MKP-1 by VitD as a novel pathway by which vitamin
D inhibits LPS-induced p38 activation and cytokine production
in monocytes/macrophages. VitD inhibition of the LPS-in-
duced cytokine production was significantly reduced in bone
marrow-derivedmacrophages ofMKP-1KOmice as compared
with the cells of wild type mice (23). In our study, we observed
synergistic effects of vitamin D and DEX on suppression of
LPS-induced cytokine production by human PBMC. Consis-
tent with previous reports (38), MKP-1 mRNA expression was
increased in the cells in response to LPS.MKP-1mRNAexpres-
sion, however, was the highest in the cells pretreated with VitD
and stimulated with DEX and LPS as compared with all other
treatment conditions. The current study demonstrates a novel
function for vitamin D (i.e. enhancement of cellular responses
to GCs) and provides a mechanism for VitD-mediated potenti-
ation of GC responses in human monocytes, thus broadening
the list of potential anti-inflammatory actions of VitD.
Additionally, the current study showed steroid-sparing

effects of VitD, because the amount ofMKP-1 induced by 10 nM
DEX in the presence of VitD was similar to the MKP-1 levels
induced by 100 nM DEX alone, reducing the required active
dose of DEX by 90% while still maintaining the same level of
MKP-1 induction. In the future, it will be important to evaluate

FIGURE 4. GM-CSF induces MED14 expression in U937 cells. MED14 mRNA
(A) and protein expression (B) in U937 cells treated with VitD, GM-CSF (60
pg/ml), or both. MED14 mRNA levels in the cells were tested 6 h after stimu-
lation by real-time PCR and were normalized to �-actin mRNA. MED14 protein
expression by the cells was measured 24 h after stimulation. Whole cell
extracts were blotted with antibodies against MED14 and �-actin. Images are
representative of three independent experiments. C, -fold changes in the
densitometry readings of MED14 normalized to �-actin were calculated in
comparison with vehicle control set as 1. Values represent mean � S.E. (error
bars).
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whether VitD can enhance the capacity of GC to antagonize
inflammatory response and lower GC doses in vivo in clinical
treatments. As well, it would be critical to examine whether
VitD can potentiate GC response under GC-insensitive condi-
tions known to develop in subgroups of patients with chronic
inflammatory diseases, such as asthma, rheumatoid arthritis,
inflammatory bowel disease, etc. (39). Our preliminary data
demonstrate in vitro potentiation of GC responses by VitD in
cells not only from normal controls but also in subjects with
asthma (19).
In our experiments, VitD enhancement of GC-induced

MKP-1was abolished both in purifiedCD14� andCD14� cells,
despite expression of VDR by these cells. VitD enhancement of
GC responses was recovered in CD14� cells co-cultured with
CD14� cells separated by tissue culture inserts and was shown
to be mediated by GM-CSF produced by CD14� cells in
response to VitD. Depletion of GM-CSF from the CD14� cell
supernatants abolished the supernatant-mediated VitD effect
on MKP-1 induction. GM-CSF dose-dependently increased

VitD induction of MKP-1 and its enhancing effect on DEX-
induced MKP-1.
Previous studies reported GM-CSF gene repression by vita-

min D and the VDR in mitogen-stimulated T-cells (40–42) by
blocking NFAT-1�AP-1 complex activity. However, an increase
inGM-CSFmRNA levels in Jurkat cells culturedwith vitaminD
only was also noted (41). Further investigation of VDR interac-
tion with the GM-CSF promoter in CD14� and CD14� cells is
of interest to address GM-CSF regulation by vitamin D.
GM-CSF exerts its action by binding to the GM-CSF recep-

tor and triggers cellular signal transduction via the JAK/STAT,
MAPK, and PI3K pathways (43). GM-CSF is known to affect
cell growth and differentiation (43, 44). Selective effects of VitD
in monocytes can be explained by the fact that the GM-CSF
receptor is expressed only by monocytes and not by other
mononuclear cells in the peripheral blood (45). The receptor is
composed of � and � chains. The � chain has specific affinity to
GM-CSF, whereas the � chain is shared with IL-3 and IL-5
receptors (43). Because we did not observe detectable IL-3 and

FIGURE 5. Recruitment of VDR, GR, and MED14 to human MKP-1 gene promoter. U937 cells were cultured in hormone-free medium with or without
GM-CSF (60 pg/ml) and treated with VitD or vehicle control for 21 h, followed by DEX (10 nM) treatment for 3 h. VDR, GR, and MED14 binding to the VDRE and
GRE in the human MKP-1 gene promoter and histone H4 acetylation in these regions were examined using a ChIP assay. The quantity of anti-VDR, anti-GR, and
anti-MED14 antibody-precipitated DNA was normalized to input DNA, and anti-acetylated histone H4 antibody-precipitated DNA was normalized to anti-
histone H4 antibody-precipitated DNA. A, schematic representation of the VDRE and GREs in the human MKP-1 promoter. TSS, transcriptional start site. The
numbers represent kbp upstream of the TSS. B and C, recruitment of VDR and MED14 to VDRE4.7 site. D, recruitment of GR to the GRE1.3 site. E, recruitment of
GR to the GRE4.6 site. F, histone H4 acetylation at the VDRE4.7/GRE4.6 site. G, recruitment of MED14�VDR and MED14�GR complexes to the GRE4.6 site as
detected by re-ChIP experiments following GM-CSF, VitD, and DEX treatment (no specific precipitation of GRE4.6 was detected under control conditions;
therefore, the data are not presented in this figure). Values represent mean � S.E. (error bars) (n � 3).
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FIGURE 6. MED14 knockdown in U937 cells abolishes GC-sparing effects of VitD on MKP-1 induction by DEX. Base-line and VitD-induced MED14 mRNA
(A) and protein (B and C) expression are inhibited by MED14 siRNA but not control siRNA in U937 cells. Following the transfection of siRNA, U937 cells were
cultured in RPMI 1640 medium for 24 h. Cells were treated with or without VitD in the presence of 60 pg/ml GM-CSF to examine MED14 mRNA (A) and MED14
protein (B) expression 6 and 24 h post-stimulation, respectively. C, -fold changes in the densitometry readings of MED14 protein expression normalized to
�-actin were calculated in comparison with vehicle control set as 1. D, MED14 siRNA inhibits VitD induction of MKP-1 mRNA and VitD enhancement of
DEX-induced MKP-1 mRNA in the U937 cell line. Cells were treated with 60 pg/ml GM-CSF and VitD or vehicle control for 21 h, followed by DEX (10 nM) treatment
for 3 h. MKP-1 mRNA levels were tested by real-time PCR and were normalized to �-actin mRNA. Values represent mean � S.E. (error bars).

FIGURE 7. Proposed mechanism for the synergistic actions of VitD and GC on MKP-1 induction in human monocytes. VitD stimulates GM-CSF production
by CD14� cells, which induces MED14 expression in CD14� cells. MED14 acts as a bridge between ligand-bound VDR and GR at the adjacent VDRE and GRE of
the human MKP-1 gene promoter and activates MKP-1 mRNA expression. MKP-1 dephosphorylates LPS-induced p38 MAPK activation and inhibits LPS-induced
proinflammatory cytokine production.
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IL-5 expression in CD14� cells by real-time PCR (data not
shown), the involvement of these cytokines in the GM-CSF/
receptor-mediated signal transductions in monocytes was
excluded.
In this study, we demonstrate GM-CSF-mediated induction

of the MED14 transcriptional co-activator in human mono-
cytes. MED14 was originally discovered as thyroid hormone
receptor-associated protein, which enhanced transcriptional
activation by thyroid hormone receptor (46). Later,MED14was
found to form a complex with VDR andmediate ligand-depen-
dent enhancement of transcription byVDR (47).More recently,
MED14 was reported to interact with GR and was shown to
assist GR-mediated induction of interferon regulatory factor 8
(IRF8) and IGF-binding protein 1 (IGFBP1), but the expression
of another GR-inducible gene, glucocorticoid-inducible leu-
cine zipper (GILZ), did not require recruitment of MED14 (48,
49). Thus, MED14 recruitment by GR was found to be gene-
specific (48).
We examined whether MED14 was required for VDR and

GR interaction in the humanMKP-1 gene promoter. We iden-
tified a potential VDRE site 4.7 kbp upstream of the transcrip-
tional start site (close to GRE4.6) in the human MKP-1 gene
promoter. We confirmed VDR and GR binding to the corre-
sponding VDRE and two reported GREs (listed in Fig. 5A) after
ligand stimulation. Under GM-CSF treatment, MED14 was
recruited to VDRE4.7 following VitD but not DEX treatment,
indicating thatMED14was recruited to the promoter via inter-
action with VDR. Furthermore, VitD enhanced the binding of
GR to GRE4.6 in the presence of GM-CSF, indicating that the
VDR�MED14 complex assisted GR binding to the GRE imme-
diately downstream of VDRE. Re-ChIP data confirmed the
presence of a MED14�VDR�GR complex at GRE4.6. The above
data indicated a cross-talk between VitD and GC, mediated by
MED14 in the human MKP-1 gene promoter. To address the
role of MED14 in this process, we selectively knocked down
MED14 expression in GM-CSF-treated U937 cells and found
that the enhancing effect of VitD on DEX induction of MKP-1
was abolished. This novel discovery provides direct proof that
MED14 bridges the cross-talk between VitD and GC.
For the described VDRE4.7 site in the human MKP-1 pro-

moter (23), additional work should be done (i.e. promoter
reporter constructs and gel shift assays, including site-directed
mutagenesis) to confirm that this site is a bona fide VDRE.

Based onMKP-1 regulation by VitD and GC in the presence
of GM-CSF, our studies suggest that the combination of VitD
and GC in anti-inflammatory treatment may potentiate the
actions of GC and lower the dose of GC required to reduce
inflammation, thereby supporting a reduction in GC-mediated
side effects. They further suggest that any factor that inhibits
this pathway (e.g.GM-CSF receptor orMED14mutations)may
influence the cross-talk between VitD and GC; discovering fac-
tors that stimulate this pathway sets the basis for future devel-
opment of drugs that benefits the combination usage of VitD
and GC. Our current study provides a mechanistic basis for
VitD enhancement of GC anti-inflammatory effects and poten-
tial biomarkers that can be used in clinical trials assessing the
beneficial effects of vitamin D in patients on chronic anti-in-
flammatory treatmentwithGCs. In the current study,we exclu-

sively used 1,25(OH)2-VitD, which is not the form that is com-
monly used for VitD supplementation. This work is not in a
position to advise VitD supplementation to enhance glucocor-
ticoid responses in a clinical practice setting, because more
work in vivo needs to be done to address relevance of this work
to clinical practice.
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