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Insulin-like growth factor-I
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Regulatory Mechanism in Tissue-specific Expression of
Insulin-like Growth Factor-1 Gene
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The present study was aimed at investigating the regulatory mechanism in tissue-specific expression of insulin-like growth
factor-l (IGF-I) gene. The expression of IGF-1 gene was determined by a solution hybridization/RNase protection assay using
total RNA prepared from rat liver or brain of various ages. The levels of IGF-| transcripts were increased in liver gradually
after birth, but decreased in brain. By using an oligonucleotide (FRE) corresponding to the C/EBP binding site of the rat
IGF-I exon 1, multiple forms of C/EBPa and C/EBPp proteins, which have DNA-binding activity, were detected in the rat
liver or brain. Western immunoblot and southwestern analyses show that p42°™2" p3g%eeFe pasCiEdPe  n3gWEeRb - ang
p35°%E" form specific complexes with the IGF-I exon 1 oligonucleotide in liver nuclear extract and that p42“*®"* and
p38“F5% form complexes in brain. These data suggest that the formation of FRE-C/EBP isoform complexes may play
important roles in the tissue-specific regulation of IGF-I gene expression.

Key Words : Insulin-like growth factor-l, tissue-specific expression, C/[EBPa, C/EBPp
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Insulin-like growth factor-I (IGF-H& AF5 289 o 7}
A FEES WA BT ool FAHCZE AR =
o AR RIS FNPezN AZF wge oA
Za3 4L d= S =0tk IGRIR M 7HE =
A 2dE o g 2FA FHETHI-3).

IGF-1 f3ale] &2 Al 2 FHolA F 72| promoters
(P17} P2)EE-Ele] ZHAle} alternative RNA splicing %
differential RNA polyadenylation?} 2-& B33l 7|45 ¢
3t ZHEH4-6). olAd A= = wEt HHFE=
2& I3 glucocorticoid, epidermal growth factor,
platelet-derived growth factor, prostaglandin (PG) Az, PG E;
Fo] B A2 gEix Yoh7-10). A dedAe F
SFEl7y IGF1 A 2dg dste $8% 8409
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Pz 9 Do oite e vIES B 2N
IGF-I mRNA o] ZAHUAT Hoe HalsiA] g A
0.2 Jehgti(1l). £3 2o w2 IGFI F3Ake ddw
3= GH 849 LdWs)e oj&Eshs Zo2 HuHUY
(12), AFe] IGF-I {4A} exon 19 upstreamo] ZA3}= Pl
o] hepatocyte nuclear factor la (HNF-1a)9} C/EBPa, C/EBPS,
2281 C/EBPS o] Aftste x37 2wy o) Eold W
ol 223% G2 & AoZ AAFHUATH13-15), exon 1
9] downstream sequence?} IGF-1 FAAle] 2% Eo|d 49y
A0 4 Fe A dstds Z #H3A4 UX Yk

CAAT/enhancer-binding protein (C/EBP)= leucine repeatsol]
a7d 9714 949S 7T de bZIP geEE EEee
AR S| 431ty Leucine zipper 99 C/EBPY
dimerizations] Beldt}h CEBPE 71 #), o Ay} zo] ¢
M3 B3td 2N F2 LHEN16-18). EF C/EBP=
A ¢HY, stearoyl acyl-CoA desaturase-1, 422/aP2 protein,
insulin responsive glucose transporterZ9¢] U©iE FAAEE
transactivationX] 718 M| Xe] A, ¥3, zglm 3t AW
ZAY AuA dAblA Fa3 d3g e Rem 4HA
K17, 18).
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2 AP dEo) gE FHY 7 2 o 23S
of IGFI FA4271 240 we} 24 Ldde AL 5y
FRomH, olgldt %7 E0)3) IGFI w3L IGF exon 19]
Fa% AL AXNHOERE ofFo] EA)5tE FRES M=z
2 Ex1gko] C/EBPalvt C/EBPB isoformEo] A33te 24
ZAE Ao AdsHct

Az o aHy

AYUSE

2] %9 # (Sprague-Dawley)5& A 89 £& F
Botod ARt 2 Al AMESE A5 ultrapure ]
molecular biology F2 =4 Sigma Chemical Company (St.
Louis, MD, USA)$}, Worthington Biochemical Corp.
(Frechold, NJ, USA), Bio-Rad Laboratories (Hercules, CA,
USA), AMRESCO Inc. (Solon, OH, USA), 12|31 Amersham
Biosciences (Uppsala, Sweden)ol|A] F¢13}9th Ax}ak4 ¢l
tZE anti-goat C/EBP 45L& Santa Cruz Biotechnology
(Santa Cruz, CA, USA)ollA], o]x}g}4|el HEE anti-rabbit
IgG &A= Sigma Chemical Company (St. Louis, MD, USA)
ANA TR

RNA E:2[2} hybridization probe HZ

Chomezynski®} Sacchi(19)9] singlestep "Ho 2 #Ho 3 @
= ZZA total RNAS £2&H 21 solution hybridization/
RNase protection S-A1HPH © 2 IGF19) mRNAS A&3lr] 95}
o] 322 base pair (bp)] F IGFI c¢DNAE pGEM-2 vector
(Promega, Madison, WI, USA)ol| subclonedt plasmid DNAE
EcoRI® 2 33} linearizeA|Z]T}. Linearized DNAS} “P-UTP
(NEN, Boston, MA, USA), T; RNA polymerase (Promega,
Madison, WI, US.A)E o] 83} radiolabel® antisense RNAS
926] probe. AHEEIHCHI).

Solution hybridization/RNase protection £4

¥Plabeled antisense RNAZ 45°Co] A} 20 uge] total RNA
9} 75% formamide % 04 M NaCl £ddA] 1627+
incubationA]7] &, A|ZES RNase A9} T,.02 A|sslgtl
Protect® double-stranded hybridsE ethanol Ao 8 R o3
8% polyacrylamide/ 8 M urea denaturing gelo]A H7|9%5&
AJct.  EA% mRNAS & Fuji  BAS 1000
Phosphorimager (Fuji Medical Systems, Standford, CT, USA)
€ ol 83k gelsoll A SAFHTHI2).
9 ZFdj
P oM 24o2REe 8 $5EE 2
H] 5} TH20). Bradford ¥WHHQ21)S 0] &3l
Ao 8 FEFEL 2P0 F vyo] A
] BEANZ F -75°Cel BastAth
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Western blot?} southwestern 249
3 3ZES 12% polyacrylamide-SDS gel & ©]83}] A7)
Fote] EEStETiln. |95 E F oA ES PVDFplus
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(MSI, Westborough, MA, USA) membranes] £71 & weBA
(western)o]\} oligonucleotide ZA3HE4} (southwestern)S  shith
Western +-43-2 C/EBPa, C/EBPB, Lt C/EBP§o| 5473 T}
GAE XMt} ECL Plus kite] F5+%] (Amersham Biosciences,
UK)7} A|gtet WRtl2 A3l Southwestern £4) TS
9] oligonucleotide FRE (w)E o]-&3}e] A|g)s}ic).

Electrophoretic mobility shift £41

Electrophoretic mobility shift 242 [v-?PJATPS} T,
polynucleotide kinaseZ F7}=H2] oligonucleotideZ radioactive
3A labelingste] HA&FATH(18). ©] label® DNAZ oF 1
ngSlA #Ad] iF 71N Fe} A 22ET 20 we) ¥
(4000 ng poly (dI -dC), 25 mM HEPES, pH 7.9, 60 mM
KCl, 12% glycerol, 0.1 mM EDTA, 0.75 mM dithiothreitol,
0.2 mM PMSPFo|A ALojA 2087} incubation &FFTH
DNA-¥1d &3M4|Z 5% nondenaturing polyacrylamide gels
oM Eeletdth 4% supershift #AHL& @ FEE&
C/EBPq, C/EBPB, &t C/EBPSd| 543 OZ&E 334
(Santa Cruz, USA)2 2 AXXA|3 & 98} o] ARSI

Oligonucleotides

o33 22 oligonucleotide 53 259 complementary
strandsE- electrophoretic mobility shift F4Jo]i} southwestern
24 o)A probel} B competitor2 AR5t T)

5* - CAGATAGAGCCTGCGCAATCGAAATAAAG - 3
Oligonucleotide FRE (wt)

5° - CAGGAACATTTTGCGCAATCGAAATAAAG - 3
Oligonucleotide FRE (m1)

5 - CAGATAGAGCCCTGCAGGTCGAAATAAAG - 3
Oligonucleotide FRE (m2)

5* - CAGATAGAGCCTGCGCAATCGGGGCGGGG - 3
Oligonucleotide FRE (m3)

Oligonucleotide 9] complementary strandS-& STE ¢H&8-oH
(10 mM Tris-Cl, pH 8.0, 100 mM NaCi, 1 mM EDTA, pH
8.0)0M FF 4ol 95°ColA 1087 713 ¥ deog
A8 AEA] anneal A FT18)

2w o g

7ol ZF ¥ & Z=Z|o|A IGF-l mRNAS| 23
FHeol 7+ 2 = FZ total RNAS} IGF-I antisense
riboprobe & hybridizationd} 1l RNase protection £4& 3}
ZZZF IGF-I mRNAS] A4S =4, vwdgde}. Fig. 1A%}
240 YEeht gl5o] 7+ ZA A exon 101} exon 28 7}A]
2 glE IGF1 mRNAo] o waHglen], 4% 4572
IGF-I mRNA®] % 7}A] variants®] oFo] @A3] Z7}8tgt)
HhAo HZ oA IGFI mRNAE exon 17HS 7}x|1 ¢,
4-5ALREE 238 1 Edo] #ide AoE Jehitt
(Fig. 1B9} 2B). tlZ2FAAZA] o] &3 A4 HH=AE A
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} Q4 (acidic fibroblast growth factor; aFGF)e] 22 7H
) % 27 mRAA Agel S7He @l S715)d, 1GRI

2270 WE Aolsk Bolahe LrepdtkEg. 2). o]sh o)
A7) 1GF18 A wae wuoAd saley w
ohel ZEe ATY 2L At Wz Qstdxz vepd
o] HIHRACKI2, 20).

PN o yd

Neo Ad probe Neo Ad probe

IGF IGF aFGF
aFGF — *
Exon 2-» -
IGF- 1
IGF- 1
Exon 1—
Exon I —

Figure 1. Tissue-specific expression of IGF-I gene in rat liver (A) and brain
(B). RNA prepared from rats of 4-5 day old neonates (Neo) and 4-5 months
old adult (Ad) was used in an RNase protection assay. The 32P-labeled
IGF-I antisense RNA that was used as a probe differentiated between IGF-1
mRNASs that contained exon 1 or exon 2. As a control, rat acidic fibroblast
growth factor (aFGF) antisense RNAs were transcribed. Autoradiograms
used in panels A and B represent 3 hr and 3 days exposures, respectively.
The arrows indicate IGF-I mRNAs that contain either exon 1 or exon 2 in
panel A and aFGF and IGF-I mRNAs that contain exon 1 in panel B.
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Figure 2. Differential expression of IGF-I gene in rat liver (A) and brain
(B). Values are the relative levels of IGF-I (indicated by the solid lines) or
aFGF (indicated by the dotted lines) mRNA at fetal (E17-18), neonatal
(P4-5), young (4-5M), mature (12-13M), and old (17-18M) stages
compared to the level in old rats, which was defined as 100 for each tissue.
Each value is the mean + SEM of duplicate determinations of the level in
three different preparations of RNA, each prepared from either a different
rat (4M-18M) or pooled neonates or fetuses from different litters.
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ZH e & ZZ9f 8 =EFEH FRES ZE

DNase 1 footprint #43-& ©]-&3}d IGF-1 f7x}e] w&o
#osle Ygdo] Al FHE Fe old dFelA
IGF-1T exon 19] downstreamol] Th=2] ©ald A3t F<go] g}
€ Ho FAG0). A #HY ol HxAAAM £
23 Az HAS footprintd A% 43, CEBP 4
SRS ¥l Q= +1799F +210 nucleotide residues
Alole] 29-base sequence”’} w9 AEA HIiHEZ IXE
fasting responsive element (FRE)E W3}tk E3 IGF-19]
5-flanking A< exon 19]A] IGE-1 F3Ae Wao) Had
minimal regiong& FH& o]H JFNAEZ IGFI exon 19|
+1837} +302 nucleotide residueS Apololl IGF-19] #HE& =
7IMF1E sequenceZt 152 HAFZTKS).

Liver Brain Liver Brain
051020 1020 (pg)

- wt ml m2 m3 - wt ml m2 m3

(A) (B

Figure 3. Binding of hepatic and brain nuclear proteins to the IGF-1 FRE. Panel
A, autoradiographs of EMSA performed on native gels were shown using
different concentrations of nuclear extracts. Each reaction contained 4000ng of
nonspecific poly(dI-dC). The five DNA-protein complexes are indicated as C1,
C2, C3, and C4. FD stands for unbound or free DNA. Panel B, The wild-type
FRE is indicated as wt. The FRE templates containing site-specific mutations in
only the C/EBPPbinding site overlapped with half of octameric core or the
silencer motif are indicated as m2 or m3, respectively, and one containing
nonspecific mutation as m1, and sequences are described under “Materials and
Methods”.

FRES 1A 3}= trans-acting factorEg EA3}7] 93l
FRE|| 3]93le oligonucleotide 52 ©]-83}4 electrophoretic
mobility shift 24 (EMSA)S AAIEch 2012 & #FFHY
tEE AR EHIF ¥ $FEL FRE 29ste] T+
ZA7re] {13 patterne] E-&HH| (complex) 47 (Cl3} C2,
C3, 281 C4HE FAATHFg. 3A). 7+ £ HzFdA
23 A g 2L TR AH8I9E 9 395 DNA-
aud EfdAY Fxe 7 239 B o 2o o3

Fral EARE FAHT ek

Y 7FA B3 AR AEE AXNE EAs]
3}ad  site-specific mutationS 7}A mutant oligonucleotide S
(ml, m2, T= m3)S A3 tiFig. 3B). A2 C/EBP
AR 29l TGCGCAA T(18)E CTGCAGG TZ WHIAFHS
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Ym2), 7+ 39 AL Cizg C2, 2 C4 EGA7T &9
AR C3 EfAE A ol e whEd, ¥ 2Ze]
Z2$E H e BFAsE 48 AR C1sF C2 B3A
ol F YA N2 EFAsE A= Stk Silencer
motife] AAATAAA(22)Z GGGCGGGE HIAAL we
(m3) Zrolu} ¥ Z& BFA H Mo EFAEY A=t
o 7Z8iA ettty CEBP ZAFE S 4o HIEolFQl W
ol 7HAA Sle mle A, T 2AqX= M Ao EFA
Eo] o 3 uEgoyt o ZFAME Clo| AR
C2-Ca2] A B3Ae #do) o AsiA sttt o4y 2
#HE FRES 7+ e ¥ 239 8 FEEE0] A3}
ZA7t A patternd] DNA-Telz BEAE FAJsHA
7 B3] dAde M2 U8 &, 23 5ol3 vy
o] Y Aoz FAHEL

Free wt m(200X) wt
DNA 0 50X 100X 200X 12 3

et T

wit e

m(200X)

0 50X 100X 200X 1 2 3

|

(A B)

Figure 4. Competition EMSA was performed in the presence of 0, 50X, 100X,
or 200X molar excess of unlabeled oligonucleotide FRE wild-type (wt) or
mutants (m 1, 2, or 3). All lanes contained 5 or 10 ug of hepatic(A) or brain(B)
nuclear protein, respectively.

o} FRE (wt)E labelingd}] &1 504, 100w, —g]a
200u)e] B mgoz Hriste] EMSAE 3ilS o A4
2 z7e) o) 22E79) U 74A) BeAle s Ao
22 C1-C42] AL sequence-specificdltl= RS & F 9
tHFig. 4A). ¥ XA 9] AS-9 C1-C4 & AlgtaAT C13
C2 Aol A4 A2E BAE 2009l ob¥y FRE
(W)Z ARAIIHRE dot QI Ao ol HFo|HolA
R W 274 Sod vulae) dlgd 448 2 b5
45 HiAISA] R THFig. 4B). BI50]ZQl ol silencer
motife] Ho]7} & mutant oligonucleotideE (ml FE m3)
S 2000 £ 3F WYL @ ClCot BF AR
C/EBP ATHH-9E ¥W¥AZ] m2 oligonucleotide S 2008 &
FF FArtetdete vZEA E4A7E 202 e AR B
o} Cl-C4E3tAe] gAld= thdgt C/EBP-like ©hizdEo]
TYe DNA 2g 497 2AzE8d & USS A3 &
Al gti(Fig. 4).

FRES} M7IX| C/EBP isoformSze| ASAR

DNA-©tld  EFAE (C1-CHo] AR C/EBP
family memberEol 2J3l] FASUEAE Lolrr] Y&t
C/EBP 747}9} isoforme]l Sol3t g4 e o) tisle w5
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o7 &% FAE o|g3de] EMSAE A THFig. 5).
C/EBPac] tist &9} 7+ 24e] & &5 Cl7 C2 &
gAES o =gA SHole U2 Ao
(supershift), C/EBPBoll w3l 3hdl= C39} C42 AR\
(Fig. 5A). = =379 %%, CEBPad] oigt &7} C29r,
a8)3 C/EBPBo| Uigh FAE C39 C49] ARE UAF=
Aoz JepdEd|(Fig. 5B), olAo| ¥ =79 Kol Axn
A= v} o A3 A-rafor gt

anti-C/EBP anti-C/EBP

- a P § - a B )

(A) ®)

Figure 5. Immunological identification of protein complexes formed with the
IGF-I FRE. EMSA was performed with hepatic(A) or brain(B) nuclearproteins
from 2 month old rats and antibodies specific for the three isoforms of C/EBP.
The thick and thin arrows denote the positions of DNA-protein complexes
shifted by the specific antibodies.

ool AL FREY Asle] JAE DNA-¢hz B
FAE (C1-C4)& C/EBPa 2 C/EBPB isoformES ¥ 3}sln
982 B F31 CEBPS) 3 &A= supershiftr} &
Z5A] Ao B Z(Fig. 5) in vivo Ztolv ¥ ZFqM=
C/EBP67} IGF-19] Wde] 8% 247} ofdg YAt
Tk IGF-Io] W E ARZHNA F23 3 ohildsg
FREE WHSAIRAS W 348 EFA M= CEBPs g
Ao oJsla] supershift HAte] TEHUOoW (data not
shown), C/EBP67} F437] uh8-F<to| aj-acid glycoprotein
AR HEE feshey 7 240) opd Al 2ZdA F
23 93g 3ta, 2IFAENA IGFI AAS C/EBPS/ &
AsAZItkE Bal(18, 23)5d st =Zd| wE AME o
£ C/EBP isoformEo] Y3 C/EBP Ad G<d ZA3sld
TR ] 4TS FAde o2 AlgHTh

FREO| Z3t= C/EBP TiHZElQ| &ol

old ATEL o# kA F71¢ C/EBPa (42-¢F 30-kD)
2 C/EBPp (35-9} 20-kD) isoformEo] A% 2 7} ZZo)|A
wHE-e Hustgdril7, 24, 25). B dAFAAE 7o)
z49] dggulAo)A FREo| Adste ohjde} Exjgz 4
g 848 Yol ] 98t southwestern blotting 438 &}
£t FRE oligonucleotideZ ©]-&3}5thFig. 6). It 249 3
FEEAA 42-, 38, & 35-kD9] w7} JEbtar 38-kD wej
A=t g we] Fxd ulste ofsldth H Fze] dnt
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AAG e 50-, 42-, & 38kDe] u]r} ZAFgow 42-kD
m e} ezt okebAl JElstth

kD Liver Brain

50— |

37—

25—

Figure 6. Southwestern analysis of liver or brain nuclear proteins that bind to
the FRE of the IGF-I gene. Nuclear proteins (10 or 20ug) prepared from fresh
livers or brains were subjected to SDS-PAGE, blotted onto PVDF membranes,
and probed with 106 cpm of 32P-FRE oligonucleotide per ml as described in
Materials and Methods. The locations of the molecular size standards are shown
on the left. ’

kD Liver Brain

50—
C/EBPa
37—

25—

75—

50—

37—

25—

Figure 7. Western analysis of the levels of C/EBPa and C/EBPS isoforms in
liver and brain nuclei. Nuclear extracts (10 or 20ug, respectively) from liver or
brain of 2 month old rats were loaded in individual lanes and subjected to
SDS-PAGE. Immunoblots were incubated with monospecific polyclonal
antibodies against either C/EBPa or C/EBPS. Monoclonal anti-rabbit I1gG
conjugated to horseradish peroxidase was used to detect antigen-antibody
complexes in each immunoblot as described in Materials and Methods. The
locations of the molecular size standards are indicated on the left of each panel.

C/EBP ©ide] A 43 FRES| A= C/EBP ¥
A9 ZFHFE Feldy) 459 Eojgt anti-C/EBP IAES
o]&-3}e] western immunoblottingg 3} C/EBPa$} C/EBPp
oA okS R M1 THFig. 7). Anti-C/EBPa 342 western
immunoblottingdt A3}, 42- 2 35-kD9] Wy} 7 & o =3
BRoA ZRERon F shR| ule] & wd oz £
ABtEct. Anti-C/EBPPp dAle b ZZ| o)A 48-, 38
35-kD2] A 7hel WE, ¥ FANME 50-1 38kDe F 7|
o we ZHsigon, pIsTEHe p’Te te A79

ek
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C/EBP isoformE.t} gl d oo} it

DNA-Z% &4 EX3} So|d gAote] Jazpgo o3}
of 4% p35sTe} pag P FREC]) AFSA g Ao
2 UelgEd o)AES DNA-ZFE #Ao] glemw
GADDI1530]1} CHOP &1 Id9} o] negative regulators
2 288 7hsAdo] Arh26-28).

ol o] ANES FH & w FREY 7+ 229 3 ¢
do] ZAfstd FAHH BFA C1e pTVL s
p38C/EBPa7}_’ 3= p35C/EBPag}_ p38C/EBPD’ 83 s p35C/EBPB
2 ol2o)A glx ¥ zAHN C2& pa2?PL, 39 Ca=
gE} p3gTE ol2olA e GAFTE e Z
B3A2 nE st FREY A8 e dids %
3 5 o guAs slste Ago] Ags ook gk

A2HoZ B AYME IGFI §2Ate] Wdo] 7+ %3
e AF F713 dhde] ¥ 2AdqMe A% Zadle A
o2 Jyeht 234 g azjn ¥ ue gE2A 2d8E
& A, o|HF A AHE A= E IGF]
exon 19 &3l FRE®} C/EBP family member 5 2] 7}
A z71¢] C/EBPa ¥ C/EBP§ isoformE9] A3 AFgo] £Q
3 9%S e AoE Ho Foh

o of
e |

Insulin-like growth factor-1 (IGF-I) #Ax}¢e] @& Al
g FelM F 7§e] promoters (P13} P2)ZHE S HAst
alternative RNA splicing 2 differential RNA polyadenylation
W 22 B33 7|dEe] oJdte zAH e 2l ot A
A28 IS oy 84F0 TA3e AR LHA
oltk. =3k Ate] IGF-I A3} exon 12 upstreamod]] A3}
£ P19 hepatocyte nuclear factor 1a®} CAAT/enhancer-
binding protein (C/EBP) isoform Eo] Agsle] z3 L wg
YA SOl B F8% TS T RALE AJMHUA,
exon 19| downstream sequence”} IGF-1 3=} %37 Eo]
A wae 2AsE Ao delels azsel 94 g

Aol 2 o 7+ 2 = ZFA total RNAS £33}
1 solution hybridization/RNase protection WH o2 £4}3}d
IGF1 #-7ke] @do] Hold § 7+ 2AdMe HaHoz
ZANRAT AN ase] FLUAL) B} 23
SolalA GRS A& sk IGF exon 18] 798
WA} ANEoRRE oldFol EAlH: CEBP AYRHE
Fgsn Y= cis-acting elementol] 3]F3H= oligonucleotide
S5 7 2 HZF)N Relg A PES o83 DNA-
Ay #4713 Exo] & C/EBPay C/EBPf Tz
E2 391319 21 southwestern % western immnoblotting -
qg del 7t 22 o FEBAAT 2O o) pagT
p35TF, p3gF gmw p3sT7L IGFI exon 1
oligonucleotide 9} B3 FAstal ¥ ZF e pa2
3} p38 7} B g4 Bojdle R Jehgth o]
238 A7=L FRE-C/EBP isoform £3d] dAdo] IGRI1 #
Az @yo] 23 EBoldg ZFHd 43 JEL & AL=
Attt
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