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Effect of Copper on the Regulation of Ferroportin-1 Gene Expression™

Park, Bo-Yoen - Chung, Jayong'
Department of Food & Nutrition, Kyung Hee University, Seoul 130-710, Korea

ABSTRACT

Ferroportin-1 (FPN) is a transporter protein that is known to mediate iron export from macrophages. The purpose of
this study was to investigate the effect of copper on the regulation of FPN gene expression in J774 mouse macrophage
cells. J774 cells were treated with various concentrations of CuSO, and RT-PCR analyses were performed to measure
the steady-state levels of mMRNAs for FPN and divalent metal transporter 1 (DMT1, an iron importer) . Copper treat-
ment significantly increased FPN mRNAs in a dose-dependent manner, but didn’t change the levels of DMT1 mRNA.
Experiments with transcriptional inhibitor actinomycin D (0.5 ©g/mL) revealed that copper treatment did not affect the
half-life of FPN mRNAs in J774 cells. On the other hand, results from luciferase reporter assays showed that copper
directly stimulated the promoter activity of FPN. In summary, our data showed copper induced FPN mRNA of macro-
phages via a transcriptional rather than post-transcriptional mechanisms. (Korean J Nutr 2009; 42(5): 434~441)
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of] Agsh= WA E, A A FL3t iron export-
er @ 2o]t} Tregl (iron regulated protein 1), MTP1
(metal transport protein 1), <2 SLC40A1 (solute car-
rier family 40A1)olelal s B2l o] Tl 9719 trans-
membrane domaing 7Fal 3loH, AdE]AS st
= U AlFEeME E82, 7 2o, A 5 HE] tialel
T3 Fojets oA vk W ETE” FPN 32k
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g T AR WEo] 70% o1 S7Hge] Bal Hglon )
v 2 FPN 8-S AojAl7] knock-out mice:= 713} H]
o] A Mol o) ) F2lo] WHE I 3 A
A7HA AV AlA FPN -4 o] that missense E¢19
o|7} ¢F 20 FF7F Bl Hlom o]F FAWolE Hat
e S FEAOE ] AR Fi 7o) F2o]
E=

olAke] AT AEL FPNo| tha] AlEola HE2] A
329 Wl I oR QM FPN 2 o] Ay
HE A fA9 DAs ddo] S-S AT
FPN 434k 28] ool] e T 9o A

5t Wol AtEo] g, the) Al HES A
g3te] TS wf X L9} Al7tel] vlElste] FPN mRNA
4l FPN whiizo] F7lsh= 710 = vElsith obA A
vkel Z4o] FPN mRNA& 5'-UTRel| IRES HA31aL gl
B2 ALY "HE 532 S8t wet IRP (ron regula-
tory protein) 2] IRE A% &do] Holx]11, o]Z 215 FPN
il o] Tk Zlo® A7 AL QUektY A o)
2ol A4kaF (hypoxia) 7 o] AW HiE Q757 ot
A= 7§ FPN 2élo] £HE:= 2oz g glom W
olg} W2 AF= k= Al E71R1] 1] FPN &
Y FEE U5 Zo® Huguh Y 2 Al o)xd
o] Aol 7212l 717} A Aol FPN mRNA
gl vkl s ST Bk up QluhY SpA|uL o}
A7 F-2)7F ofH 2§ 712 EEl FPN WS 243t
A & dEA dA Sk

uppA], 2 A= FPN 53210 Al 21 9l AL 5
2 Aol 7t ol Y3 vR= A Yot izt 5

Y| AT

ME R

NI i XA

Aol AME3E 774 AES}F Hela A= American Ty-
pe Culture Collection (ATCC) oA F-J3te] ARg3k3ict
HjFH-2- g-minimum essential medium (Gibco, USA) &
AREEFE 0™ 10% fetal bovine serum, 1% penicillin-st-
reptomycing ¥3AFAH 5% CO.% 95% w5 ZHOE
37ColA Hjokstar, 80~90%2] confluencyoll =23
Al e skl

7217} FPN mRNA$} divalent metal transporter 1
(DMT1) mRNA ¢] o] vX|= dFs dobnr] 9Jst
oM 1774 AZE 6-well plateol] BiF3laL oF 60%
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confluency®l] |25 u, 0, 25, 100 M CuSO,E 204
1+ Agich

7217} FPN mRNA2] FgAdel wix= d&F= dotir]
$35F AEel = FPN mRNAS] S FHjgk =o]7] ¢
atod J774 Mo 200 M2l CuSO,E AAE 35t =,
J774 nRg-22 2] AEE 6-well plateolA] 10% FBSS}
penicillin/streptomycin®] 7} o-MEMol| vikala, oF
40%2] confluency®l o|2%& W, H%F =7} 200 M
7} H =5 CuSO,E F7Fstal 20413 Agjal] 30t o] 5
Cu-7 (control set) <= PBSZ of2] ¥ A& HoRle +
2= Hohgtk o AES- media® ZolE F actinomy-
cin D (0.5 pg/mL) %k Hgdl F11, Cu + i+ PBSE A
et A EE media® ZAoke &, AlE3A 22 EEL

T2} 3 actinomycin D (0.5 pg/mL)E A28l FUck

Reverse transcription (RT)-PCR

A 7F Bt Al3Eel| 500 w2 TRIzol reagent (Invi-
trogen, USA) & 7t A|lZ2A1e] A3 el w2} total RNA
£ F=9HL, 260 nmollX FFEE St AZsieleh
Total RNA 1 pxg@FE| reverse transcription master
premix (5X) (ELPIS biotech, Korea) & ]3] cDNAE
493}, primerE ©]-8-3l%] MJ mini gradient thermal
cycler (Bio-Rad, USA) & AMHste] PCRE 3318t AF
€% PCR Z#42 denaturation 95Cel4 15%, annealing
& 65CIA 30% &<F AAEIAL, 72TCellA 1324) elon-
gation IS AHcE DMT13 FPN 24 cycle, B-actine
18 cycle® A5t} PCR products ethidium bromide
SH5-3F 2% agarose gelollA A7) 453}t 2} band
Gel Doc XR system (Bio-Rad, USA) 0. & JArS Ao
Quantity one 1-D analysis software (Bio Rad, USA)
AHE-3to] sl

w Hob £ i

MTT assay

theket Fe] ] Ae7F J774 AlEel WA= 54 of
B2 gelsr] ¢, MTT [3-(4,5-dimethylthiazole-2-
yD)-2,5-diphenyl-tetrazolium bromide] 3+ ¥HHE o] &
ato] 774 AE AEES SIS

%, J774 AEZ 96-well platesell 2+ well'd 5 < 10°7)
] AEE B3 ] 24417 kst & 0, 50, 100, 200 M
CuSO, & 20A1ZF AFstadrt. A7t B Ao MTT
Al%F (5 mg/ mL in PBS) & 7kste] a1 447 1 wljeat
o] MTTE $HIAX 5 Aol A st o9 DMSO
(100%) & #F3}9] shaking 3 &, 540 nmelA 3=

& =gkt
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Luciferase reporter assay

Plasmids A=z}

727} FPN Z2RE &4 n|2= 93s A6 9
&fo] FPN Z2RE §-9)o] luciferase 2EE F95 F-2
3t plasmidsE ©]-83}] luciferase reporter assaysE 2
Alali) & Al FPN-Luc¥ FPNJIRE-Luc® + 7}
] reporter gene constructE ARE3EFATE FPN-Luc plas-
mid¥ firefly luciferase gene @& #WE|Ql pGL3-Control
vector (Promega, USA) ol FPN 5" upstream®] 2514 bp
¢} 5°-UTR AA| (transcription start siteZFE +322 bp
7K & subcloningA17! plasmidZ IRE (+69 bp%E] +103
bp7HA) & EgstaL 9ltk FPNJIRE-Luc plasmidi= FPN-
Luc®E o4 BamHI-Smal A¢ F-$15 #A|Ast] 5'-UTR
A Y= AL)AZ plasmid® IRES E88H4] 94+ plas-
midse]t} (Fig. 1). ©]E plasmidE°l thsl restriction en-
zyme mapping®} DNA sequencing= 3| sequence=
gRlskitt.

Transient cell transfection®} -2 ¥

J774 A=t AL 5474 transfection &)
$- w2 A7} 9lo], transfection E80] &2 A|EZ T
A3l reporter assayS AAEALE =, transfection
F80] ¥]7% %11 endogeneous?d FPN o] uf-g- ot
S S 7ty Q)= Hela A|EE 6-well platecllA] ok
3t & AEZ7} 2k 40% A% confluent ¥ %S wf, FPN-Luc
plasmid, FPNZIRE-Luc plasmid &< empty vector$!
pGL3 Control vectorE cationic liposome?! Lipofecta-
mine (Gibco, USA) reagentE ©]€3} transfection A1%
t}. Transfection 3F A] 12A]7F0] At & AJ-efA, CuSO,,
Fe-(NTA), &2 desferrioxamine (DFO)E 713t &
201K E1F wiekleh He)7t B MEE d52lelA PBS
Z 193 AE3E o5 A7 1x lysis buffer (25 mM Tris-
phosphate (pH 7.8), 2 mM DTT, 10% glycerol, 1% Tri-
ton X-100, 2 mM 1,2-diaminocyclohexane-N,N,N'N’-
tetraacetic acid) & Y1 £5°] & ¥ cell scraper® Al

EZZ Fo] microcentrifuge tube® %7 ©kth AlE &

12
o
—~
P

o]} A vortexing 3 § 12,000 g, 4ColA
Bk & A=l (cell lysate) S LT} Cell
lysatesE luciferase substrate reagent (Promega, USA)

\]
ML
=
o,
o>

il

9} W-3-A)7] 2 luminometer ® 1037} luminescenceS =
A5k, cell lysates®] ©H2l 5%+ Bradford assay
(Bio-Rad, USA) & o]&sto] d=Fsialet. 2+ &S lucif-
erase AL cell lysates?] @izl HEEZH0 2 LrRo] W
A3k & controlol thet fold change® YeRRITE 2 A
A2 33 yHEsto] AaE At

S

RE A¥ o] A= Statistical Analysis System version
8.2 (SAS Institute, Cary, NC, USA)E A}g3&to] #4138}
gt 25 Ad= Het (mean) ¥ EFAA) (s.d) 2 EA]
siolom, AdTke] 2loli= ANOVAE ©]43t] p < 0.05

oA frold e BE sk
2 b

T2} FPN mRNA #Z°fl OjAl= 9%

T2]2] F7kell 28 FPN mRNA 0] Wdlsl=A] &
Q17| Asted, J774 A3l 0, 25, 100 M CuSO,E 20
AIRE A gt F total RNAE FE319] RT-PCRS &3
FPN mRNA & S4si3ith 1 23, 799 37t &
Tof vlElste] FPN mRNA s%7F fo40%2 71619
©m 100 M CuSO, AH&|st 35 oFF AL AHelahA] &
& izl vl oF 4uf 71 Srkeke Ao vrEbTh
(Fig. 2). g, A&, 4] 5 27} o]&<] Ay ©l§] (im-
port) o] Bojsl= Ao 2 U4 transmembrane T2
¢l divalent metal transporter 1 (DMT1) ]l th3F mRNA
o] 2 gEle] Aol ols) WakskA] kst HEl load-
ing control® AFE-¥E B-actin mRNAQ] 5 22 A

EEol wet thEA] oke- Z1 0% vEhY,  RT-PCR +
oA 2} lanevicl AREE %7] total RNAS] o2 FYUE
= AlASITE

S, TEle] AE7hJ774 Ml B8-S nRE A oy
= yetsly] 9lake] MTT assay s olg3ke] e e %

-2514 bp +1

FPN-Luc

+69

CTTTGGCTITCCAACTTICAGCTACAGTGTTAGCTAAGTTTGGAAAG

—2514

+322

+103

+1

FPN ZIRE-Luc E:-.“‘x

Fig. 1. Diagrams of two reporter DNA
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Luciferase ‘

constructs used in the present study.
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0 25 100
CuSO4 (M)

Fig. 2. Effect of copper on the levels of mRNA for ferroportin (FPN)
and for divalent metal transporter 1 (DMT1) in J774 macrophage
cells. RT-PCR analyses were performed to determine mRNA for
FPN, DMT1, and j-actin (upper panel). Levels of FPN and DMT1
mRNA were normalized to S-actin mRNA levels (lower panel).

AL AEE-S =481t} 1 A3} CuSO,Z 50, 100, 200
M FEE 2012 A28lels ul, oFF AT AHelskA &
& Oizrd) vlwste] Al AEEe] folA]l visht Sl
Ao vEbTt (Fig. 3). T3 dAnjd oz st J774
AlZe] Fejell 9 2119 7] Ml & 93 A e
Ao R UERth ol AR v, Al 200 «M &
SRR CuSO, HE= J774 Azl H7do] glas &l
319 0~200 «M CuSO, §& HelelA o590 23S
T3t

T2/t FPN mRNA2| half-life°l 01Xz S

2|7} FPN mRNA®] 73} (degradation) “J%ol ¥k
= HA= A dotry] flete], te] AgE st
J774 A¥2] FPN mRNA 714 4 (basal level) & W&
Holmg A J774 AlE] 200 M CuSO,E 2017+ A
#2]3le FPN mRNA 455 =7 f239it) o] & RNA
polymerase inhibitor®! actinomycin D& *2]s}o] A=
& mRNAS A4S AT Aol Cudl A2l 77}
FPN mRNA 2| 3] &icof Wals F54] S743isich

a2 Ay, FE A7k &2 tixte] A, actino-
mycin D A2 A3 (time 0) ol B3k 2, 6, 9AI7F ZATA]
FPN mRNA =F0] 77} 93%, 87%, 63%% 7443I3ith
A, actinomycin D2} 200 #M CuSO, & s &3t 7
£, 9A)IZF 39 FPN mRNA 40| #& 4 (time 0)
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Fig. 3. Effects of varying doses of copper on the viability of J774
macrophage cells. Cell viability were measured by MTT assays.
Results are the mean = s.d. of three independent experiments.
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Fig. 4. Effects of copper on FPN mRNA stability in J774 macro-
phage cells. J774 cells were pretreated with 200 M CuSO4 for
20 hr and throughly washed. Then actinomycin D (0.5 xg/mL)
was added with CuSO4 (Cu+) or with medium alone (Cu-). To-
tal RNA was isolated at 0, 2, 6, 9 hours after actinomycin D treat-
ment, and RT-PCR analyses were performed (upper panel). The
rate of FPN mRNA decay of untreated and copper-treated cells
was determined after normalization with S-actin mRNA. Results
are the mean = s.d. of three independent experiments.

9 ~60%= Fardhs Zo® Yehd, el 7t offe
FPN mRNA7} A5 E= ATo] JS Fx] = o7

ettt (Fig. 4).

-2} FPN Z=2E_9|

T2]7} FPN Z2RE|2] AL 7)A] EA4e]
ol 7] 35k luciferase reporter assay s G343k th
B Ad3oM+=FPN X241 E —2.4 kb 99 5-UTR #
A #-9E E3tsh= plasmid (FPN-Luc) £ FPN-LucellA
5-UTR®) $1x8l= IRE Y& #|2JA1Z] plasmid (FPN
AIRE-Luc) @] + 7FA $5729] reporter constructE AR

!I-/\‘IOH |:||7(|h Oﬂit
WA e



438 /2]7} Ferroportin-1 f-4A} W&e] vx]+= g%

st
%, FPN-Lucs 4918t HeLa A28 7%, 100 #M
CuSO,E 20717 Aelalsls ol obFdd AH2&E shA] &>
thZ (control) ©| Bl8l luciferase @4do| 28 712k Z7}
h= Zlo® YER) (p <0.05). 3, Hr-g A2|st 45
controlell U3l luciferase &/Jo] oF 3ul A% S7l5}k]
TERT 7 St AR H8 A oE Yt RidlE H

£ chelator¢! desferrioxamine (DFO)-S A g]slo] A|3E

g *
8 4l
=y
o
) l
€ 35
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)
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Q Luciferase activity (fold change)
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Fig. 5. Effects of copper on FPN promoter/5’-UTR driven lucifer-
ase reporter activity. HelLa cells were transiently transfected with
A: FPN-Luc, B: FPNZIRE-Luc, or C: pGL-control (empty) vector.
Twelve hours later, cells were exposed to various agents for 20 h,
and cell lysates were assayed for luciferase activity. Luciferase
activities were normalized to protein concentraion of cell lysates
and expressed as fold changes compared to untreated controls.
1, untreated; 2, copper; 3, iron; 4. iron chelator. Results are the
mean * s.d. of three independent experiments. *: p<0.05 vs. un-
treated controls.

U HE 25 W50S ul= luciferase /9] control
9] 60% 4 FEoR WA vERT (Fig. 5).

FPN 5-UTRl $1%]3l= IRE 915 A|2]A1Z] FPNJ
IRE-Luc plasmids 4+%1%¥ HelLa A2£e] 79, 100 M
CuSO,E 20A1ZF AH2J81S W luciferase E/g°] 794
o7 Zvkslg o 1 =71 4%+ FPN-Luc plasmidZ 4}
At Aol A e} wl-g- v]sakAl YERsTE o]g) tixA o
ZHEFo|u} DFOE #]8)3t ¢ FPN-4IRE-Luc plasmidE
A)¥ HeLa ME2] luciferase @Adoll= Hal= 4] o
= 7107 YERTE Negative control 28 & FPN 3
ERE 29} 5°-UTR $97} subcloning®#] ¢ emp-
ty vector?] pGL3 control vector7} AFQ1E A Eofr=

22 2719 CuSO,, Fe-(NTA),, ¥ DFO2] A&7} lucif-
erase G4 W3S T4 &S RIS (Fig. 5).

[k

4 =

EHN ,pﬂﬁ‘:_ L. 5\4 S
ST AW o] Sk o w FR-S WE (ex-
port) O ZH] A HiE P AA g 9TS
th 5 o Al A "R e A A
o] goo g WEol 7H & Fat-s A S FPN2
Ao A o] ML= o] e Agshe =,
A= FPNO| 32l 24 3ol +2]7}) ofwst
& A=A Gotr st Tk

J774 A Aol 5 AHEeiis o, A7 kel vl
#l3le] FPN mRNA 0] S715ks &It ol vk
d, dEe] Al o o]lell ¥y DMT1 mRNA =
o= 789 A7t Y vAA| G AR vER),
27} FPN 370l tfal] So]4Ql 24 #hgo] glom o]
£ Boll "R AlEe] W o FE JEAE T AL

2 Az

fu)
o rg 1> Mo

T27} tl2] AlZ2] FPN mRNAS] 58 0] 24
7185 737l $18ked, actinomycin D *{2]& ©]-£3}q
7219 427} FPN mRNA P ol mx]= 82 A
Hokty 7 Ay, wjekdel] FelE A7k A9 18R] ok
iz Blwslol FPN mRNAS ¥a &0 #2949
Zpo)7F gidlom, F A9 2 actinomycin D 2] % 9
AZko] Ak-S W 5 FPN mRNA 9] 60% F+°o=

45k ol2 & u, 94 RT-PCR 4] 23} Jehdt

Te] 93 FPN mRNA steady-state % Z71= FPN

mRNA ¢ half-life F7tell 23k Zlo] obd& & 4= it
ShH, 3 ATof|A FPN ZRTE F-9]¢ 23| izg =



luciferase reporter construct® o3+ 28 Ay} g
7} FPN Z2RE 245 FoFo= S7H7]e e
et B3 J774 A3 transcription inhibitorg! ac-
tinomycin D& A 39l& wf T2l <Js FPNe|
% o] ofAlgo] Bty vl Itk wlebA] o] 52 At
£ Sl & o, 7 oA MlE FPN f-3dxke] dAE 7
A (transcription) 2 =247 FPN mRNA2] A|Z& (de
Novo) 3d& 5771 A= Azbdn) o= tia] Al
Fo HE, SIEHE-y, lipopolysacchride 52 QA=
o] FPN] AA} & (post-transcription) X TH= AA}
el digt 28 Gt S-S Bask Ag A4 ES]
Ao} frAbsict Bt el Ho ofe] AtelA] ofeF
Sk k] s sk IRFE AREgto] Halxal gl
ok 3l o2 Muller $%-& microarray analysisS =3l
HepG2 A3l 72]5 24A7F A2 RS o oFF2E A2
3] ek tizTtel HlEl 5099F2] F-7x; whdo] AaE
Ree YElTh R opel, FollAl Fel7t BAFE AolE

otk $, 1A e ofe] Ak Bl JeE Fd HolE
Fa st Aok vlwdt in vivo AFIME thekst oAl 7
off Fofoh= 22F2 A T AErt S Zo®
wiek 53] elE BAsE FHol 75 1ol Hit oixke
Aol #oJsli= T 2291 hepcidin®ll tht 42 HAMP1
U o] izl vls) 2.6W) kst Ao ® e
v F27F HaE oAb 3 ke e e Aofdks
wBok Ak Muller 59 9] ool AFE¥ microarray
matrix®]] FPN 37}ke] 323 of = gRlst 4= glo] 1A
32 (hepatocyte) oflA] 7-2]7F FPN -2} o] ofH <
&S v XA ol st 5 A7F 27t

2 AT Ay T2 oA AlEoA FPN fdzke] =2
SE] QA A A4S olE Ao ® YERY, 87} FPN
2] W 2def| #odske AAFERAERJAL (transcrip-
tion factor) ] DNA WS- #-9] (response element) ol tf
A% 2e A F dSS ARKETE el 9]
DNA A3t &/do] T7kshz AARE AR of| 2= metal
transcription factor (MTF)7} 2 <A Qlth & MTF
= T2l o8l DNASEe] Adt &/do] S718HEE, metal-
lothionein 52k} 7o) 2 RE] F-2lo] metal response
element (MRE)E 7M1= 4218 AARE S7FAIZICEY
o= Atox1 (antioxidant-1) ©]2R= ZAFZHIA}9] &
“dol FElell &l S7Hdel welzlon, o] Qe R
B F9o] Atox1l ¥Fe H-9E 714 extracellular super-
oxide dismutase (SOD3), cyclin D1 52| #-%x} 23io]
Telell sl wgksiA gl RuFHUk ™ FPN

ol of ¥

(%3

o

lo [N

BN

i
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AAke] T2 REZF MTE 32 Atox1ol 28] g4do] W3}
sh=Alol st A7 g Zos Azt

TE7F e oiakeh WAl dEe] Qe w2
e deA gk Hart 5772 7271 285 HEA
AARY W AL, LAY Wdo] fiEs A
=o% HuFlown o] ekt A =S o]&sh AT
SolA, Fe] Aol 9] HE vEE W NES
ARl ol9l= o dA 0= 71|t} spleen 52 Al U
A A Azel= @3]y His 3 FAAIFe] 2
HATEH? o= Tz dite] A% A A 29
Wzl AR A J-s T2 AAsI) o9} Zo] FE)7}
o] diab B, 53] AlEdellA] dH oz REL] ol
WA TAEEO] a2 alFFE QA= ARk T
A1 24 712l tisliAE FEsiAl BE A ekor o,
OJAEAE] A3y A= TS BEQIAL (cofactor) = A
f3l= 492 ceruloplasmin (Cp) &) & thajrist A
o7 o]Fojx gt Cpi= Y ol &8sk @A
2, 788 ags) 92 o ferrous ion (Fe’)2 ferric ion
(Fe*) 0.7 A3k 7]+ ferroxidase S 7HA|&= wh4,
F2)7F A= ] A7) apo-Cpe A} G442 40|

= B opel g o] dF a4 st ul- wot
ek N F HiE9 o]Fol Hojshz @Al transfer-
rin& Fe* il deizlo g Adlsleg CpY ferroxidase
L F] MEUENE Pdowo] o] E3o] ©
th sANE Cpo] Agntoz a7} Hio] A3 sl
o] W= s BF AWeiAE Xshe Z10®E Rl
I =, F7F A HES] A9 Azt AA94 vE
e = Ax= 97 Y2202 Cp knockout mice
A9 8N o Hito e el svkEAE X5
FlEaEERe] 5 w5 A BT A JiglelA A
Hlojupr] ehgheh?* o9} nlSzskA|, Cp #F3Ake] EARio]
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