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The Role of MAPK Signaling of 1,25(OH);Ds-induced CYP24 Expression in
Activated Human Macrophages

Jong Dae Jil, Bit-Na-Ra Leez, Tae-Hwan Kimz, Jin-Hyun Wool, Sung Jae Choil,
1 1
Young Ho Lee’, Gwan Gyu Song

Rheumatology, College of Medicine, Korea University',
The Hospital for Rheumatic Diseases, College of Medicine, Hanyang University’, Seoul, Korea

Objective: Several important roles of 1,25(0OH).D; have been recognized in the immune
system. The availability of 1,25(OH).Ds; at the cellular level is significantly influenced by the
relative abundance of enzymes to synthesize (CYP27B1) and catabolize (CYP24) 1,25(0OH).Ds.
In this study, we examined the effect of 1,25(0OH).Ds on the expression of the CYP24 gene and
the role of MAPK for the induction of CYP24 by 1,25(0OH).Ds in activated human macrophages.

Methods: For obtaining human activated macrophages, we treated U937 cells with PMA and
we cultured these cells for 24 hours to adhere. After 24 hours treatment with PMA, the
differentiated cells were washed with phosphate buffered saline (PBS), and then they were used
for examining the effect of 1,25(0OH).Ds on the expression of the CYP24 gene. The mRNA
expressions of the vitamin-D3 inducible genes were measured by real-time PCR, and the change
of the protein expression by 1,25(0OH),Ds was measured by immunoblotting.

Results: 1,25(0OH).Ds significantly induced the expression of CYP24 in the U937 cells and the
1,25(0OH).Ds-induced expression of CYP24 was strongly augmented in the PMA-differentiated
U937 cells. The 1,25(0OH);Ds-induced expression of CYP24 was mediated by Erk1/2 and p38
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MAPKSs. Parallel to the induced expression of CYP24, 1,25(0OH),D3 induced the expression and
phosphorylation of the CCAAT enhancer-binding protein (C/EBP £).

Conclusion: In this study, we found that 1,25(OH).Ds inducedthe expression of CYP24 via
activation of MAPKs. These results suggest that MAPK inhibitors may be useful for the treatment
of inflammatory conditions, in which active vitamin D3 can be used as the therapeutic molecule,

by increasing the availability of 1,25(OH)zDs.

Key Words: 1,25(0OH),D3, Macrophages, CYP24
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1,25-dihydroxyviamin D3 (1,25(0OH),D;)% vitamin D
ol dgHPoz 7 YAA(calcium homeostasis)Lt
= Aol 23k g3 o] Ui Qirk 1,25(0H).Ds
o] AEeH AE2 HlEekg] D F-&A|(vitamin D re-
ceptor, VDR)ol| Z¥ste] velhted 22 B2 o
TollAl VDRe| ®ZF, thAAE, qhallF, F24A
Z3eE wd Al of#] A|EeA] uks o] 4
1,25(0H);Ds7F " Alel] #F-gslo] wHenbg3 =

7bsAdel AAEAEt (1). AAZ 1,25(0H).D;
ZZ A o2 T-helper-1 (Th1)e|\} Th17 A|ELF 7+

A4 T AL A8 AT CDaRE T
7oA 1Ny IL29] A elAlele B Y
T HNEAHEL 5313 immunoglobulin® J4 <
AAR g FAGAE] B3 G HES oA
st3L FA G El A FAASA}L (costimulatory mol-
ccule)e] AT IL-129] WAL oAl 24 T 2
2 (regulatory T cells, Treg)®] 44& FE3}H= tol-
erogenic DCs®| A& S7HA71h. &=3F Fobe| 23t
Aed, F¥&, AR 2wy, o
Azt Aol FE Zulolul A Azke] ol
o] vitamin D3] Zgeo] WA o]
AF Q3L vitamin D38| Fofofl &J3f o] 5 Agke] b
W ogl Yol oAlge] BuEdt (2,3).

Vitamin Ds  ZFollA] 25-hydroxyvitamin D3 (25
(OH)D3)Z thAHE] =6 25(0H)D; = AEH2] 4]
o] F2 AAlA 25(0H)Ds-1- @ -hydroxylase (CYP27BI)
ol &z 1,25(0H).D;& AR * A& ZA4 S
ZAl =™ 24-hydroxylase (CYP24)ol] o]l E2-A3}
o}l A EGFo A 1,25(0H),D;2] E.3}= prohormone
el 25-hydroxyvitamin D3 (25(OH)D3)2 59, 1,25

=
=

a3
=

oo rfr o A

(OH),D;2] A (CYP27B)F} &3l (CYP24)oll s}
= 349 ANA oKthe ratio of CYP24 to CYP27B1),
VDRE] d AE Foll ol AA =} 4). AZAZ
oAl 1,25(0H),D;= CYP27B19] Wd-& oA} A|qt
o] - CYP27B1¢] Aol €3k 1,25(0H).Ds9
LA =M Y (negative feedback) ZZZME-2 TRAXE
oAl AE Heolz ¢ Aoz gElA Ut (5).
A A Zel| A= IFN 7 U TLR ligands®t 22
Aol o3l CYP27B1¢] o] figo] Hax g
CYP249] =& 1,25(0H)Dsell 2|3l =¥ 3 IFN
yol 9o A=t A|EFFA FAE  vitamin
D;9] availability= ©|5 ZEAES AulHQl kol 2
] AAE|=2 CcYP27B1S] Wdo] 7157y CYP24
o] wdo] AAIFTH FAY vitamin D32 avail-
ability'= S7FshAl Hh 229 o8] AFelA ol&
Z 49 "ol ERKI/2, INK2} p38 mitogen-activated
protein kinase (MAPK)7} A*£2] FFoll ule} th2 A
Hofdto] H =AUt (6-8). FulEla;A AT e
AT AZllA DA ZE A5 st
o} HAgY G5, Wel Aol Fag Jgs 3
ughA] XA EZE FH R sl X8V &
7 e A& EEA ek 9). T HA A Eel
Al 1,250H),Dsell o3l frEwle CYP4de] 7]
= e o BAS AR &% vitamin D3¢
FoAwto gy olF AFA AtelA v e Wy
24 33E A& 7 %S Aolrh

2 AFAES 43 dA A Ze A 1,25(0H).Ds
9 CYP24 ol 93t 34 =9 =A24LS o
33 1,25(0H).Ds0ll 23k CYP24 59 AE W 7]
A skt 59l

ofN

M ot

o
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1. U937 MIZQ| H{F I EMSIE CHAMIZZQ|

=%

QIZF kel A|ESE(human monocyte cell line)<l
U937 AlEE ATCC (American Type Culture Collec-
tion, Manassas, VA)Z5E] F+4sle] 10% F-elotdA
(fetal bovine serum, FBS)o] E3¥r=l RPMI 1640 wljok
HOZ 5% CO,, 37°CellA] wiFsladct. U937 Aol
20 ng/mL phorbol 12-myristate 13-acetate (PMA)E 24
A Aelstol BAMER EHAAG. B3hE oA
A3+ phosphate buffered saline (PBS)Z A|=3F &
Aol Ageiginh

M

2. A 2 24

HI

U937 AlEe PMAE 24A17F Hzlste] E3HA71
A A Eoll 1,25(0H),D; (Sigma, St. Louis, MO)E 24
A7+ 2]k ¥ RNeasy Mini kit (Qiagen)S o]&3}
o] total RNAS <9t} total RNAX a First Strand
cDNA Synthesis kit (Fermentas, Hanover, MD)E ©|-&
slo] cDNAZ uHE9lth iQTM SYBR-GreenSupermix
2} iCycler iQTM thermal cycler (Bio-Rad Laboratories,
Hercules, CA)E ©] &3} real-time PCRH 2 Z CYP24,
CD14¢} cathelicidin (CAMP) 53} 7+2 vitamin D3ol|
oz #do] {Frx+= FAAe IL-18, VDR, C/
EBPS 9 A7 s AAsdc AARE
AR W2 GAPDHO| W3} ulmslo] A3}
sl9dt}. real-time PCR¥ell A-&% Zhzhe] {Ax}
primer¥ CYP24, CGC AGC GGC TGG AGA T
CCG TAG CCT TCT TTG CGG TA°o|i VDR,
GCGCTCCAATGAGTCCTTCAS} CACGTCACTGACG
CGGTACTT®|" CAMP, TGGGCCTGGTGATGCCTS}
CGAAGGACAGCTTCCTTGTAGC®|™ CDI14, TGGC
GGCGGCAGGTGTGS} ATCTCGGAGCGCTAGGGTTT
ACGH IL-18, TTCTTCGACACATTGGATAACGS} TG
GAGAACACCACTTGTTGCT®|™ C/EBP 3+ ACAG
CGACGAGTACAAGATCCS} GCAGCTGCTTGAACAA
GTTCCe®] %l t}.

Al33% 2010 —

M

3. CHMEl Hi5{o| B

s =_TIE B

HI

31.25 mM Tris-HCl (pH 6.8), 10% glycerol, 1% SDS
and 2.5% B -mercaptoethanol& 233k lysis buffers
o] gslo] ThiiAS Fsiqlel. 53 AL Brad-
ford assay (Biorad, Hercules, CA)E ©|-&3}o] & zk3}
Sea= Immunoblotting—g: Aslo] =23 kA 10 ng
<& 7.5% SDS-PAGE (sodium dodecyl sulfate polyacry-
lamide gel)ollAl A 7]ed5 & ZF polyvinylidene fluo-
ride membranes (Millipore, Billerica, MA)2. 2 o]FA]
% t}. ©] membraneS rabbit anti-phospho-C/EBP S an-
tibody, rabbit anti-phospho-p44/42 MAPK (Erkl1/2) anti-
body, rabbit anti-p44/42 MAPK (Erkl/2) antibody, rab-
bit anti-phospho-p38 MAPK antibody, rabbit anti-p38
MAPK antibody (Cell Signaling Technology, Beverly,
MA)$} zrabbit anti-C/EBP 3 antibody (Santa Cruz Biote-

chnology, Santa Cruz, CA)Q} vHSA171 & chemilum-
HF
=

inescence® & o|&sto] 54 v wdS F4
a3t
e L
1. NStz 217 THAIMIZOIAM 1,25(0H):D;0 2|

PMAS A elslA] 952 U937 AlXE8t PMAS A2l
sto] RAIZ R Bo}A]7] U937 A|EelA] 1,25(0H).Ds
o] 2]t CYP24, CAMP, CD142] ¥ H % & H|xL
sl3ck. 1,25(0H),Dsoll &]3ll CYP249] ¥rslo] f- =
L o] AIEZE PMAE E3AAE 7§ 1,25(0H).Ds
of 23 CYP24¢ L A3 FrtEAvHTH
1A). CYP242] W7t vl 2 PMAES AHelslA &
& AlE9} vlswste] PMA ol E3HE U937 A=

ol 125(0H)Dsell £13) =5 CAMPS] WS
asigleh. PMAS AelelA 9 AEolA CD14S]
WA foRA FrhelA kAR PMAe <3l
28h5 U937 AlEAE 125OH)Dsell 93] @Al
Zrbstel WAAE B3E FESE A% BAY

PMAS] kol 23l vitamin D3ell oJ8] FE5E 7
7S] §AA wde] o]yt g Hdvk 23X
A ¢k U937 A|E ulz] PMARZ E3}E tAAE
oll A 1,25(0H),Dsoll 9Jgk CYP24 s =717} VDR
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Fig. 1. 1,25(OH),D; increases the production of CYP24 in the human monocyte cell line. (A) Fresh or PMA-
differentiated U937 cells were cultured for 24 hours in the presence or absence of 10 nM 1,25(OH).D; (B, C).
U937 cells were cultured for 24 hours in the presence or absence of PMA. In (A~C), the mRNA was analyzed
using real time PCR. The data is shown as the mean=SD of triplicate determinants and the data is representative

of more than three experiments.

ey Zotoll ogk AAA syl flske] VDR
W wlasigich. PMA X elol] ©js VDRO| W
H3lE HolA ghol VDRE Wl F717t PMA
SHAIZ] Al AMA el A 1,25(0H)Dsell ©]3F CYP24
2719 7]Ae] oS Hgrh# 1B). PMA
B3AZ 1937 AEoA SNEHQ A5A Aol

19
)

fUoa= Ut lo lo
rﬂ"\"lﬂ:ﬁ

£71Q1Q) 1189 o] Wxs] FrhEe e
of PMAGl o8] 240 Gl GAsE o

AEYE Bekek2F 10).
WAAEA A CYP242] LS 1250OH):D2] A
FEE ZAA Wt Frhs Y 2a) A

2 =
gl AZHE F7HAIR wek wldElste] SrbEIQle
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(¥ 2B). ¥kmAEe] PAS JAslE cycloheximide
(CHX)E AX X8k 739 1,25(0H),Dsoll 23 CYP24
HE fE7b dAs AAES &dsle] 1,25(0H).Ds
o 93 Ccyp4 W fEoll M2 whiAe] 44
o] Faghs 9l 3vh(d 20).

2. gMSIE O1ZF CHAIMIZOIA 125(0H)2D301I oJst
MAPKS| EM3519} CYP24 WHSIRE0AQ gt

PMAZ E3}A7]1 U937 A|ZollA] 1,25(0OH)Dsell
o3k cYP24 ¥d f& JIHE AW sk
A 3tE YA A Zoll A 1,25(0H),Ds= ERK1/2%} p38
MAPK®| QIASHE Z7MAZH k@ ® 3A). 1,25(0H).D;
ol ©J&k ERK1/2¢} p38 MAPKS] Q14t3H= 1,25(0H).Ds
Al 3 300llA] 1A17E Aol Frtslgielrt 3417
3 FEEH T thA] 6A17E Foll AfFEFe] P
2Ach. p38 MAPK <JA|A|Q] SB203580 (Sigma, St.
Louis, MO)¥ MEK-ERK}A|A]Q] PD98059 (Sigma,

Al33% 2010 —

B

140.00 - CYP24

120.00 -
100.00 -
80.00
60.00
40.00

Relative expression

20.00 A

0.00
125(0OH),D, - + - 4+ -

2 hr 6 hr 24 hr

Fig. 2. The increase of the CYP24 expression by 1,25
(OH);D3 is dose- and time-dependent. (A) The
PMA -differentiated U937 cells were treated with
the indicated dose of 1,25(OH),D; for 24 hours.
(B) The PMA-differentiated U937 cells were
treated with 10 nM 1,25(OH),D; for the indi-
cated time. (C) The PMA-differentiated U937
cells were treated with 1,25(OH),Ds for 24 hours
in the presence or absence of 1 «g/mL cyclo-
hexmide. In (A~C), the mRNA was analyzed
using real time PCR. The data is shown as the
mean=SD of triplicate determinants and the data
is representative of more than three experiments.

MO)Z Axx]sto] 1,25(0H),Ds0ll 2|8
CYP24 o] AA3] olAlHE 2Hlslo] 1,25(0H)D;
ol ot CYP24 ¥lf-Eoll ERK1/29} p38 MAPK7}
ol3e Hlelglrhad 38,

St.  Louis,

3. BAEIE 917 CHAIMZOIA 125OH)D0l| 2]
B CEBPS WH S U #M5
CEBP A AL 4R Y B, YISl ol

= CCAAT enhancer binding protein familyoll <3}
= Xd*PQJXMD}. He A AEo} FohA|E(osteo-
blasy & o] &3k 229 AFollA 1,25(0H),Ds= C/EBP
B e w8 =71A17|31 =715l C/EBP A7} 1,25(0H).D;
off 93t CYP24 Wl fioll T3k d&-& o] B
2=t (10). € AFAEL CEBPA7F PMAR &
A7 WA A ZNAE 1,250H).D: 23k CYP24
W fxo FofslertE s A stk PMA
2 B3A7 U937 AlEoE 1,250H),D:;E A E2|E
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A B
1,25 (OH),D, - 10m30m1h 3h 6h 12h 140.00 - Cyp24
Phospho-ERK1/2‘ - i ‘ 120.00
C
o
ERK1/2\—--_._._......__{ 2 100.001
[
- i __-,_._‘ S 80.00
(0]
SE ey N B
[]
< 40.00
x
20.00 - I
000 T T - T T
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SB203580 - - + - +
PD98059 - - - + +

Fig. 3. The increase of the CYP24 expression by 1,25(OH);D; is mediated by ERK1/2 and p38 MAPKs. (A) The
PMA-differentiated U937 cells were treated with 10 nM 1,25(OH),Ds for the indicated time. The whole cell
lyates were analyzed by immunoblotting. The data is representative of more than three experiments. (B) The
PMA-differentiated U937 cells were treated with 1,25(OH),D; for 24 hours in the presence or absence of 20
#M PD98059 and/or 20 «M SB203580. The mRNA was isolated and then analyzed using real time PCR.
The data is shown as the mean+SD of triplicate determinants and the data is representative of more than three
experiments.

A B
1,25(OH),D, - + + + o+ 3.50 C/EBPp

SB203580 - - + - + 3.00-
PD98059 - - - + +

2.50

( — e LAP*
——— .
Phospho-C/EBP - :
— — LIP 1.50
, . 1.00 1
=
= LAP ]
C/EBPS ] 0-50
LIP 0.00 - : : :

——— T

1,25 (OH),D, -
SB203580 - - + - +
PD98059 - - - + +

Relative expression

O-tUDUIIN | — ———

Fig. 4. 1,25(0OH),Ds increases the expression and phosphorylation of C/EBP 8 in the human macrophages derived from
U937 cells. The PMA-differentiated U937 cells were treated with 1,25(OH),D3 for 24 hours in the presence
or absence of 20 ~M PD98059 and/or 20 ~M SB203580. (A) The whole cell lyates were analyzed by immu-
noblotting. The data is representative of more than three experiments. (B) The mRNA was isolated and then
analyzed using real time PCR. The data is shown as the mean+SD of triplicate determinants and the data is
representative of more than three experiments.

5 Fo AR AlE 8l FobAEel [kl CEBP A A AAQ] SB2035805 AAX’F 79~ C/EBPS S| w

o mRNA ® S BRel TRKE CERPAS MA R 0 A} felA BEAE o
QAE Z7hEE RIATKLE 4A, B). p38 MAPK  125(OH)Dsoll ©I2 C/EBP S 2] bl kel ) <lat
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3} §%ol p38 MAPK7} THodhg HGIth(d] 4A).
33 PD98059S A 2% A C/EBPS S whw
2 wa gl QlAkStef] wisly) glo] ERK1/2 MAPKE
1,25(0H),Dsoll &3 C/EBP B 9] whula wkal gl o4t
3 fEol FofslA ESe & F AU 4A).

ol wheol| gt Adtel $AHA C/EBPS <
mRNA 32 Z$% SB2035800) 23 HEZow
#ads B3 4B).

K
!

2 AFo|A vitamin D7} G Al #}
shol 95 W WAVSE 2] AR ol

, A Faw,

=0

o] 391 g gl Zefol] Fa3t g 3ol Hiy

A Az 2 X
S e shsAe] AlAl = ok AlE FF
oA vitamin D3;2] availabilityx= 1,25(0H),D;2] thAk
o] Fodal= CYP249] Wdol| o3l =AF W ulahA]
1,25(0H),D;9] AE W AAEEA 7]5ol thet negative
feedback 24 7]HA 22 1,25(0H).Dsoll ]38+ CYP24
HE f 27k Festh (@), A8 FRY AZE olE
g 712 Aol 1,250H).Dsell 2’k Cyp24
d f 53+ ERKI/2, INKS} p38 MAPK 5ol o3l =
Ago] Bt (6-8). & AFAES A A5
A AlA Fe3 JS e dAAEZAAE
1,25(0H),Dsell 9J3fl CYP24 Wo| Z718hS Hokw
1,25(0H),Dsoll ]38k CYP24 W&l §Xol ERKI1/29}
p38 MAPK7} #oddhs #Aslqivt. B AFoAE
PMAE H2|ste] tAAERZ E31A7] U937 Al Eo]
A PMAE AHelslA] g AlEo vlsl] A5A Aol
E7HQ F 3]l IL-18 9 #Hde] dA3] SrES
Hoks PMAoY E3hEl A A Eel A 1,25(0H),Dsoll
92 CYP249] wtdlo] R3] Z71ES Hol =4
Agloll A dF EAoll 92l vitamin Dol 3l &
= CYP249] wrdo] =8} A] Z=7}% o] vitamin Dg-/]
availability7} AilH o2 74 & 715AS A A
th AAE @ A A5 AZeNA vitamin D3¢
ZAyo] HuslEd B A7 ARE {53 & w
AS5A AzhollA vitamin D39 FHQ ol HEt

2
s.
8
g
=
o
i
L
ofo
ot
x
N
N,

3] A] A 174

Al33% 2010 —

o] CYP249] F=3 WAFEol o3k &A¥ 1,25
(OH),D;9] Z71% FH*VP vitamin D;2] 7]5S A
& Aoz AANG WA A A2A ARl
CYP249] T3k WS AR 24¥ 1,25(0H).Ds
9] availabilitys Z7HAIZF 24 vitamin D;o] W
24 A3e AL F Ae Aelth AL AF4
Azl X Foll 9lo] MAPKS AIXE W AxAL 3}
AL JAlsle 4 55 ol&dHE ATl Ry
B gk (1), FrbelsBAsielt 43 A 59
kA 154 AZlollA VX702, SCIO-4699) ARRY-
797 9 p38 AAAE o] &3 AFvF HaE
(11-13). wpebA] Falel 234 gyt 722 v A=A
Aztol|A] 7]Eel] AT U= p38 AAALL} T
vitamin D3& FoIgkchH vitamin D39 availability S
STMAA Ao FoJRute Z & vitamin D;2] A&
4w A F e Aeleh

1,25(0H):Ds= ¥HPg o2 VDRel| Z3tste] 1 7]
o5 Ueldt}. VDR retinoid X receptor (RXR)I}
Ak ol

heterodimer&- heterodimer”} vitamin

D; target gene2] promoteri-¢loll 9l vitamin D re-
sponse element (VDRE)ol| ZA¢}tslo] AALE FE3kc}
B ATAES B8 AN Koli 1250HD;
ol o3 CYP24 W $E7b Al WA RS
Hde g g WAIrl. 2T Dhawan 59 Ao
A CYP24 57 AFe] promoteri-$]ol] C/EBP S binding
site7} Aol HAstRa F o A AE Y FopA
FollA 1,25(0H),Dzell 9JgH CYP24 W&l fXcoll 9lo]
C/EBP 37} VDRI} A £33 I8 3to] #zy
gt (10). ¥ QAFAEE A A ZN A 1,25(0H).Ds
of ¢z C/EBPA S Wd 1@ FAN}F Fte B
Zstglar CEBPA ] Wd gl A 3tell p38 MAPK
7} Fodghg Elslir}. C/EBP A+ basic leucine zipper
doaming 7FAl&= AARIA} familye] sHE IL-1, IL-
6, IFN 7, lipoplysaccharide (LPS) 52| dZ4 E4o
o A 9 wde] fEFI JAF Y HAWHE
ol ToJsls IL-18, COX2 T2 wad] Foldh}
(14-17). Dhawan 59 A7 A7t 2 A7 A
2 u]fo] dFA Aol A IL-17 Y} IL-69F 22 3
Z B4 93 §=9 C/EBPA7} CYP249] ¥
Z7IAA 1,250H),D;9] availabilitys 742412 745
e AL Jden 2 dFellA HY p38 MAPK

&
=2 v
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A Aol 23+ C/EBPB 2] BAe gl why e zﬂ Az}
£ 934 AglollA] p38 MAPK HAIAIE o|-&3+ C/EBP

B89 #Ag gl W A7} 1,25(0H),D;2 availability
£ S7HA 1,250H).D:8 Hg=4 a5 F7HA]
A 7heA s AlASL

E g

B ATl = A3k A A EelA] 1,25(0H).D;
off oJ3ll CcYP249] Wdlo] AA 3] FriES HEIA
I 1,25(0H).Dsell €8 CYP242] wrd 37}l ERKI/
29} p38 MAPKell o3l miZfg& &lsldch. =&

Z B4 93 fEzv CcYp49 ol F93k
AeS sl AAAAQ CEBPA O W Hl 243}
7} 1,25(0H)Dsell oJ3l =% 39 1,25(0H).Ds
ol ©3k C/EBPA S ¥ 1l 24 3}ell p38 MAPK7}
Fodghg FRlsigict B AFe] AB/E u|Fo] o
Z4 AgollA IL-1 84 IL-69F 22 945 4] 9
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