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Insulin-like growth factor-binding protein-2  (IGF- 
BP-2) transcription in rat liver varies with  developmen- 
tal age and fasting. To define the DNA elements required 
for  efficient  expression of the TATA-less rat IGFBP-2 
gene, the native or mutated promoter  was  fused to a 
promoterless luciferase reporter gene and transfected 
into BRL-3A rat liver and 293 human  embryonic  kidney 
cell  lines.  Luciferase activity decreased -%-fold with 
progressive 5' promoter deletions from  nucleotide (nt) 
-581 to nt -189 (relative to ATG, +l). The  smallest  con- 
struct, however, still had >21-fold greater luciferase ac- 
tivity than  the promoterless construct. In DNase I foot- 
printing assays  using native nt -276 to -36 promoter 
fragments or fragments containing block substitution 
mutations, BRL-3A nuclear extract and purified human 
transcription factor Spl protected a region  from nt -234 
to -215 containing one GC box and a broad region  from 
nt -189 to -125 that contained three clustered but inde- 
pendent GC boxes. In gel retardation assays  using an 
Spl oligonucleotide  probe, BRL-3A extract formed  two 
closely migrating complexes that were  immunologically 
related to Spl;  Spl gave a single  complex that co-mi- 
grated with the more retarded BRL-3Acomplex.  Binding 
was  competitively inhibited by oligonucleotides corre- 
sponding to each of the four GC boxes.  The  proximal 
three GC boxes  were  sufficient to allow trans-activation 
of the IGFBP-2 promoter by Spl in Drosophila SL2  cells. 
Independent block mutations indicated that all three of 
the GC boxes are required for promoter activity and are 
equally important. Thus, binding of Spl or Spl-related 
proteins to three clustered GC boxes in the proximal 
IGFBP-2 promoter is essential for  promoter  activity. 
Multiple upstream regions also contribute to the full 
expression of the IGFBP-2  gene. 

Insulin-like  growth factor-binding protein-:! (IGFBP-2)l is a 
member of a family of six IGFBPs  that  bind  IGF-I  and IGF-I1 
with  high affinity, and  have  many  structural  and biological 
similarities (1, 2). Most cells secrete one or more IGFBPs (11, 
which determine  the bioavailability and metabolic  activity of 
the IGFs at the  cellular level (1, 3). 
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binding protein-2; IGF, insulin-like  growth  factor; nt, nucleotide(s). 

Rat IGFBP-2 is a  nonglycosylated protein of 270 amino  acids 
(4). It  is  the  predominant  IGFBP  in  human  and rat plasma 
during  fetal life (5, 6). In  the rat, IGFBP-2  levels  decline after 
birth  and  are  undetectable by three weeks of age (6). In  vitro, 
IGFBP-2 has been  shown to  potentiate  (7,8) or inhibit  (1,9)  the 
mitogenic activity of IGF-I in  different  experimental  systems. 
I t  is expressed near cell layers  undergoing  rapid proliferation 
in  the embryo (10)  and in the  brain at sites of ischemic injury 
(11, 12), suggesting that IGFBP-2 may  target  IGFs  in  the mi- 
croenvironment  to growing cells. 

We have  studied  the in  vivo regulation of IGFBP-2 gene 
expression with  the overall  goal of understanding how IGFBPs 
modulate  the  actions of IGFs. IGFBP-2 mRNA is expressed at 
higher levels in most fetal  tissues  than  in  the corresponding 
adult  tissues,  with  the developmental decrease being  most 
marked  in  liver  (4, 13). In normal  adult  rats,  IGFBPS  expres- 
sion persists at high levels  only in  the choroid plexus of the 
brain (14). IGFBP-2 mRNA levels, however, are  increased  in 
adult rat liver  in catabolic states  such as diabetes  and  fasting 
(13, 15). Changes  in  the  rate of transcription of the IGFBP-2 
gene  in rat liver  during development and  fasting  account at 
least in part for the  changes  in IGFBP-2 mRNA abundance 
(16). 

To better  understand  the  basis for this transcriptional  regu- 
lation, we have cloned the 5' region of the  rat  IGFBP-2 gene 
and  demonstrated  that it contains  promoter activity when  in- 
serted  in  the  sense  orientation  with  respect  to a luciferase 
reporter  gene (17). The  promoter  lacks  basal  elements  such as 
TATA and CCAAT in  the vicinity of the  transcription start 
sites,2  but  is very GC-rich. We now show that multiple regions 
of the  5'-flanking  sequence  contribute to basal  promoter activ- 
ity. In  particular, we demonstrate that the  integrity of each of 
three  clustered GC boxes in the proximal promoter is critical 
for efficient transcription of the gene. Finally, we provide evi- 
dence that S p l  or an  Spl-like  protein  present in BRL-3A cells 
trans-activates  the IGFBP-2 gene by binding to these GC 
boxes. 

MATERIALS AND METHODS 

suppliers: Promega Corp. (Madison, WI), Boehringer  Mannheim, New 
Reagents-Enzymes  were  purchased  from the following commercial 

England  Biolabs (Beverly, MA), Amersham Corp., Pharmacia LKB  Bio- 
technology  Inc.,  United States Biochemical  Corp.,  and Perkin-Elmer 
Cetus.  Polymerase  chain  reactions  were  performed on a DNA thermal 
cycler (Perkin-Elmer  Cetus).  Radionucleotides were purchased  from 
Amersham  Corp.  Oligonucleotides were synthesized  using a 394 DNA/ 
RNA synthesizer from  Applied  Biosystems (Foster City, CA). Fetal  calf 
serum  (lot no.  11111074) was obtained  from  HyClone  (Logan,  UT).  The 
BCA (bicinchoninic acid). protein assay kit was  from  Pierce  Chemical 

tween nt -151  and nt -88 by primer-extended  reverse  transcription  and 
2 Several sites of transcription  initiation have been  identified  be- 

ribonuclease  protection  (17, 23). 
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Co. Calcium  phosphate  transfection kits were  obtained  either from 
Pharmacia LKB Biotechnology Inc.  or from Specialty  Media  (Lavallette, 
NJ). Protease  inhibitors  were  purchased  from  Sigma. DNA alternating 
copolymers, poly(dI-dC).poly(dI-dC) and poly(dA-dT).poly(dA-dT), were 
from Pharmacia LKB Biotechnology Inc.  The  transcription  factor Spl ,  
purified from HeLa  cells  infected  with  recombinant  vaccinia virus con- 
taining  a cDNA encoding the 696  carboxyl-terminal  amino  acids of 
human  Spl,  was  purchased from  Promega Corp. Rabbit  antisera  di- 
rected  against  residues 520-538  of human  Spl(18)  and  against  human 
fibronectin  were  obtained  from Santa  Cruz Biotechnology (Santa  Cruz, 
CA) and  Promega Corp., respectively. 

Preparation of Plasmids for Dansfection-Promoter deletion  mu- 
tants  were  prepared by digestion of ra t  IGFBP-2 genomic clone H12-9 
(17)  with  restriction  enzyme NheI (restriction  site at nucleotide -36 
with  respect to  the  translation start site, +I) and  the  restriction  en- 
zymes  shown in Fig. 1 to give variable 5' ends from n t  -581 to  nt -189. 
The  resulting  restriction  fragments  were  made  blunt-ended  using ei- 
ther  the Klenow fragment of  DNA polymerase I or T4 DNA polymerase 
and cloned into  plasmid pA3LUC (provided by Dr. W.  M. Wood, Univer- 
sity of Colorado)  using  HindIII  linkers  (17). Block substitution  muta- 
tions  in  the  four  proximal GC boxes were  generated  in  the  context of n t  

sequence  with a BglII linker (5'-CTAGATCTAT-3') between n t  -139 and 
-581 to -36 promoter  fragments by replacing  10 base  pairs of native 

-130 (ABox 1). n t  -163 to -154 (ABox 2), n t  -183 to -174 (ABox 31, or 
n t  -226 to -217 (ABox 4). The  mutant  promoter  fragments  were  pre- 
pared by BglII  digestion and ligation of appropriate  pairs of 5' and 3' 
fragments  generated by polymerase  chain  reaction that  had overlap- 
ping  BglII  sequences  and cloned into  the  HindIII  site of plasmid 
pA3LUC. Luciferase  construct  plasmids  used  in the  transfection  studies 
were  prepared by the  alkaline  lysis  method followed by double  banding 
on cesium  chloride  gradients.  They  were  verified by  DNA sequencing 
using  the  chain  termination  method  (19).  Expression  plasmids  contain- 
ing cDNA encoding the  696  carboxyl-terminal  amino  acids of human 
S p l  in-frame  with  the  translation  initiation ATG  of the Drosophila 
alcohol dehydrogenase  (a&)  gene (pP,,,Spl-in) and  an out-of-frame 
control (pP,,,Spl-out) were provided by Dr. Robert  Tjian  (University of 
California at Berkeley)  (20) and  prepared  using  a DNA purification  kit 
(Qiagen Inc., Chatsworth, CAI. 

Dansfection of BRL-3A, 293, and  SL2 Cells-The BRL-3A cell line 
(ATCC CRL 1442),  established from Buffalo rat  liver,  was grown in 
modified Ham's F-12  medium  (Biofluids, Rockville, MD)  supplemented 
with 5% fetal calf serum  and  2 m~ glutamine.  Cells  were  detached 
weekly by incubation  with 2% chicken  serum, 0.075% trypsin,  and  7 
units/ml  collagenase  and  passaged at 1:6 dilution.  The  cells  were  re- 
plated at approximately  2 x lo6 cells/lOO-mm dish 72 h  prior  to  trans- 
fection.  Luciferase  reporter  plasmids  (30  pg)  were  transfected  into 
BRL-3A cells by electroporation as described  previously  (17).  Plasmid 
pTKGH (50  pg)  containing  the  human  growth  hormone  reporter  gene 
under  the control of the  thymidine  kinase  promoter  was  cotransfected  to 
normalize  for the efficiency of transfection.  Forty-eight  hours  after 
transfection,  media  were collected and  frozen,  to be assayed  later  for 
growth  hormone  using  a solid phase  immunoradiometric  kit  (Nichols 
Institute Diagnostics, San  Juan Capistrano, CAI. Cells  were  disrupted 
with 1 ml of lysis  buffer (1% Triton X-100, 25 mM glycylglycine, pH  7.8, 
15 mM MgSO,, 4 m~ EGTA, 1 mM dithiothreitol)  and  luciferase  activity 
determined  immediately  using an  automated  luminometer  (Berthold 
Clini-Lumat, London Diagnostics,  Eden  Prairie,  MN) as described  pre- 
viously (17). 

The  human embryonic  kidney cell line  293 (ATCC CRL 1573  (21)) 
was  grown  in  minimal Eagle's medium (Life Technologies Inc.)  supple- 
mented  with 10% fetal  calf  serum  and  2 m~ glutamine  and  passaged 1:3 
weekly  using 0.05% trypsin, 0.02% EDTA. Twenty-four  hours before 
transfection,  cells  were  trypsinized  and  plated at a density of 6 x IO6 
cells/lOO-mm dish.  They  were  cotransfected  with  luciferase  reporter 
plasmids  (10  pg)  and  plasmid pTKGH (IO pg)  using  the  calcium  phos- 
phate  method  (19).  Cells  and  conditioned  media  were  harvested  and 
assayed as before 48  h  after  transfection. 

The  Drosophila  SL2 cell line  (20)  was  grown  in M-3 media  (Quality 
Biological Inc,  Gaithersburg, MD) supplemented  with 10% heat-inacti- 
vated  (56 "C, 30  min)  fetal calf serum,  10 mM glutamine,  and  20 pg/ml 
gentamycin (Life Technologies Inc.).  The  cells  were  kept  in  tightly 
closed flasks at room temperature.  Every 3-4 days,  cells  were sus- 
pended by shaking  and  passaged by diluting  the  suspended  cells  with  3 
volumes of fresh  media.  Cells  were  plated at a density of 15 x IO6/ 
100-mm  dish  24  h  prior  to  transfection.  Luciferase  reporter  plasmids, 
and  the  indicated  Spl expression  vector  (pP,&pl-in  or  pPadhSpl-out) 
or  plasmid pGEM-7ZA-) (Promega Corp.), 10 pg  each,  were  cotrans- 
fected into SL2 cells  using the calcium  phosphate  method.  Cells  were 

harvested  48  h  after  transfection,  washed  with  phosphate-buffered sa- 
line,  and  resuspended  in  0.5  ml of buffer  (0.25 M Tris, pH  8.0, l mM 
dithiothreitol).  Cells  were  lysed by freezing  and  thawing followed by 
sonication  and cell debris  removed by centrifuging twice in a microcen- 
trifuge  (10  min,  4 "C). Luciferase  activity  was  assayed as before and 
corrected for protein  measured by the BCA method  using bovine serum 
albumin  as a standard. 

Preparation of Nuclear Extracts-BRL-3A cells were  grown to con- 
fluence as described above. Nuclear  extracts  were  prepared  as  described 
by Hennighausen  and  Lubon  (22)  with  minor modification of the buff- 
ers. Briefly, cells  were  washed twice with  phosphate-buffered  saline, 
scraped  into  fresh  phosphate-buffered  saline,  and collected by centrifu- 
gation. Nuclei were  sedimented by centrifugation  after  lysis of the cells 
with  Nonidet  P-40.  Pelleted  nuclei  were  then  stirred  gently  with 3 
volumes of extraction  buffer  (20 mM Hepes,  pH 7.9, at 4 "C, 25% glyc- 
erol,  400 mM NaCl,  1.5 m~ MgC12, 0.2 mM EDTA, 0.5 mM dithiothreitol, 
0.2 mM phenylmethylsulfonyl  fluoride, 0.1 m~ benzamidine,  2 pg/ml 
aprotinin,  2 pg/ml leupeptin,  2 pg/ml pepstatin) for 30  min at 4 "C. 
Chromatin  was  pelleted by centrifugation  (60  min, 33,800 rpm (110,000 
x g),  4  "C)  in  a  Ti70  rotor  (Beckman  Instruments  Inc.)  and  the  extract 
dialyzed twice for 2  h  against  50  volumes of dialysis  buffer  (identical  to 
the  extraction  buffer  except that   i t  contained 20% glycerol and  100 mM 
NaCl but no MgCl,). The  dialyzed  extract  was  cleared of precipitated 
material by centrifugation  (30  min,  17,500  rpm (36,600 x g), 4  "C) in  an 
SS-34  rotor  (Du  Pont)  and  stored  as  100-pl  aliquots  in  liquid  nitrogen. 
Protein  concentration,  assayed by the BCA method,  was  2 pg/pl. 

DNase I Footprinting-Plasmid H12-9  was  digested  with  BstEII (nt 
-727) and EarI (nt -276), and  the  BstEIIIEarI  promoter  fragment elec- 
troeluted by standard  methods  (19).  The  BstEIVEarI  fragment  was  cut 
with BsrnAI (nt -392) and  the coding strand labeled  with I C I - ~ ~ P I ~ C T P  
(3000 Ci/mmol; Amersham  Corp.)  using  the Klenow fragment of DNA 
polymerase I. After  digestion  with  SfaNI (nt -676), the  nt -676 to -392 
fragment  was  purified by polyacrylamide gel electrophoresis and re- 
verse  phase  chromatography  (Elutip-D,  Schleicher & Schuell).  The n t  
-453 to -189 promoter  fragment  labeled on the noncoding strand  was 
prepared  similarly by digesting  plasmid H12-9 with CfrlOI (nt -453) 
and  Sty1  (nt -189). Probes  covering the region  between n t  -276 and  nt 
-36, labeled on the noncoding strand,  were  obtained  similarly by di- 
gesting  plasmid  H12-9,  and pGEM-7ZA-) plasmids  containing  muta- 
tions ABox 1, ABox 2, ABox 3, and ABox 4, with EarI (nt -276) and  NheI 
(nt  -36). 

Nuclear  extracts  were  preincubated for 10 min at room temperature 
in a  50-pl volume containing 1 pg of poly(dI-dC).poly(dI-dC), 10 mM 
Hepes,  pH 7.9, 10% glycerol, 50 m~ NaCl,  2% polyvinyl alcohol, 0.1 mM 
EDTA, 0.25 mM dithiothreitol,  0.1 m~ phenylmethylsulfonyl  fluoride, 
0.05 m~ benzamidine, 1 pg/ml aprotinin, 1 pg/ml  leupeptin, 1 pg/ml 
pepstatin.  Preliminary  experiments  established  the  optimal  amount of 
DNase I (Stratagene,  La  Jolla, CA) to use  in  reactions  without  extract 
(0.003-0.0125  unit),  with  purified S p l  (0.006 unit),  and  with BRL-3A 
extract (0.1- 0.3  unit).  Probes (3-6 fmol, 15,000  cpm)  were  added and 
the  reactions  incubated on ice for 15 min.  Tubes  were placed a t  room 
temperature  for  2  min  and 50 pl of a 10 m~ MgCl,, 5 mM CaCl, solution 
was  added followed by the  addition of DNase I. After  2  min, the reaction 
was  terminated by adding  100  pl of a stop  solution  (0.2 M NaCl,  20 mM 
EDTA, 1% sodium dodecyl sulfate, 250 pg/ml yeast  tRNA),  the  reaction 
mixtures  extracted  sequentially  with pheno1:chloroform (1:l) and chlo- 
roform, and  the  DNAprecipitated  with  ethanol.  Samples  were dissolved 
in  formamide  buffer  and resolved on a 6% polyacrylamide,  7 M urea gel 
alongside  Maxam-Gilbert  sequencing  reactions  (19).  Gels  were  dried 
and  autoradiographed a t  -70 "C in  cassettes  with  intensifying  screens. 

Gel Shift Assay-Complementary oligonucleotides corresponding  to 
regions of the  rat IGFBP-2  promoter,  and oligonucleotides containing  a 
consensus  binding  site for the  transcription  factor Spl  or  the BglII 
linker,  were  synthesized.  Random  sequences  were  used to flank  the S p l  
site  and  the  BglII  linker.  The oligonucleotides were  purified by poly- 
acrylamide  gel  electrophoresis, and  equimolar  quantities of complemen- 
tary  strands  were  annealed  in  buffer  (10 mM Tris, pH 8.0, 1 mM EDTA, 
10 m~ NaCl) by heating at 100 "C for 5 min  and cooling to room tem- 
perature.  The oligonucleotide pairs  were  designed  to provide a 5'-re- 
cessed  end for labeling  with [ C Y - ~ ~ P I ~ A T P  (3000 Ci/mmol) using  the 
Klenow fragment of  DNA polymerase I. Sequences of the oligonucleo- 
tides  (with  the  coordinates of the 5' and 3' nucleotides of the IGFBP-2 
promoter coding strand  (17))  are  written below. The GC box within  each 
oligonucleotide of the rat IGFBP-2  promoter as well as the  consensus 
recognition  sites for Spl  and  the BglII linker  are  underlined. 
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5' Endpoint 
Luciferase  activity ("A) 
BRL9A cells 293 cells 

Xba I (-581) 1 m 100 (n-8) 100 (n-4) 

AlU I(-511) 1 57f17  (n=3)  51+0.1  (n-2) 

Nae I(453) 1 49f8 (n=4) 58fO.5 (n=2) 

Taq I (413)  47f4 (fl-4) 71f4  (n-2) 

Ban II (-379) r 77f14(n=4)  90*3(n=2) 

E a  I (-276)  17f1.7 (n-8) 14fl.2  (n-4) 

Sty I(-189) I 4k0.5  (n=9)  3?0.3  (n-4) 

FIG. 1. Promoter activity of rat IGFBP-2 promoter deletion constructs. Restriction enzymes used to generate the 5' ends of the deletion 
constructs are shown at the left. Restriction sites  are shown in parentheses, numbered relative to ATG +l. The 3' end of each promoter fragment 
is the NheI restriction site at  nt -36.  Deletion constructs are shown schematically by open burs and  the promoterless luciferase reporter gene (LUC) 
by  open bores. Reporter plasmids (30 pg) and plasmid pTKGH (50 pg) were cotransfected into BRL-3A cells by electroporation; 293  cells  were 
cotransfected with 10 pg of reporter plasmid and 10 pg of  pTKGH  by calcium phosphate precipitation. After  48 h, the media were  collected and the 
cells lysed. Luciferase activity in  the lysates was measured immediately by luminometry and growth  hormone in  the medium determined by 
radioimmunoassay. Transfections were  performed at least  in duplicate within each experiment. Luciferase activity (normalized for  growth  hormone 
content) is expressed as the percent of activity in the  nt -581  to nt -36 construct assayed in the same experiment. The mean S.E. of n separate 
experiments is shown on the right. The construct with its  5' end at  nt -189 exhibited >2l-fold and 26-fold greater activity than the promoterless 
pA3LUC plasmid in BRL-3A cells and 293  cells, re~pectively.~ 

BOX 1 -1471-120 5 ' A A G G C A G G G G C A G G C 3 '  
Box 2 -1711-144  5'TGGTCTCCAAAAG-GAAGG3' 
BOX 3 -1871-160 5 ' l T G G G G G C T C C A A A A 3 '  
BOX 4 -2371-210 5 ' G G T G G G C A C G C A A G C A 3 '  
SP 1 5'CGATCGATC-GATCGATCA3' 
Bgl I1  S'GATCGATC-GATC3' 

Oligonucleotides 1-6 

BRL-3A nuclear extracts were preincubated for  10  min in a buffer 
containing 6 pg of poly(dA-dT).poly(dA-dT), 12.5 mM Hepes,  pH 7.5,10% 
glycerol,  50 mM KC1, 6.25 mM MgC12, 5 1.1~ ZnSO,, 0.05%  Nonidet  P-40. 
Probes (4-9 fmol,  20,000  cpm)  were then added and  the incubation 
continued on  ice  for 15 min. In competition studies, unlabeled double- 
stranded oligonucleotides that had been  made blunt-ended using the 
Klenow fragment of  DNA polymerase I, were  added immediately before 
the probe. Reactions (15 p1) were then loaded on a 5% nondenaturing 
polyacrylamide  gel  (38:1, acry1amide:bisacrylamide) that had been pre- 
run at 100 V for 1 h a t  4 "C. The gel and electrophoresis buffer contained 
0.5 x TBE (45 m~ Tris borate, 1 mM EDTA,  pH 8.3) and 0.05% Nonidet 
P-40. Electrophoresis was carried out at 15 mA for 2 h. Gels were dried 
and autoradiographed at -70  "C using intensifying screens. 

In studies designed  to  immunologically identify the protein compo- 
nent of the protein-DNA  complexes, antibodies were added at  the same 
time as the nuclear extract and allowed to react for 15 min at room 
temperature  in  a final volume of 20 pl. Bovine serum albumin was 
added to bring the final protein concentration (including antibody) to 
10.25 pg/tube. As the antibodies were  provided in different vehicles, 
buffer  composition was equalized by addition of 10 m~ Tris, pH 8.0, 14 
mM NaCl and 25 m~ sodium phosphate, pH  7.5 (final concentrations). 

RESULTS 
Zdentification of Functional Regions in the Promoter of the 

Rat IGFBP-2 Gene-To map  the regions that confer basal ac- 
tivity on the rat IGFBP-2 promoter, we constructed a series of 
promoter  deletion mutants  having  variable 5' ends (from nt 
-581 to nt  -189) and a common 3' end at n t  -36 (relative  to  the 
translation  initiation  site at n t  +1) (Fig. 1). The promoter frag- 
ments  were  inserted  into  the promoterless reporter plasmid 
pA3LUC in  the  sense  orientation  and  transfected by electro- 
poration into BRL-3A cells. These  constructs contained all of 
the  transcription start sites described previously (17,  23h2 

Removal of the regions  located  between nt -581 and  nt -511 
decreased  promoter  activity in BRL-3A cells by  43% (Fig. 1). 
The activity of the promoter remained unchanged by progres- 
sive  deletions until  nt -413, but increased by 30% when the 
deletion was extended to nt  -379. Deletion of the sequence 
between nt -379 and  nt -276 reduced the activity by  4.5-fold 
relative  to  the  construct with a 5' end at nt  -379. A further 
4.3-fold drop in activity was obtained after removing  sequences 
extending from nt  -276 to -189. The  shortest promoter frag- 
ment  tested (5' end at nt  -1891, although  having only 4%  of the 
activity of the  construct  with  its 5' end at n t  -581, exhibited 
>21-fold greater activity than  the promoterless pA3LUC plas- 
mid (Fig. lh3 Thus, deletion mapping  suggests  the existence of 
at least  three broad  regions that  stimulate promoter  activity 
(nt -581 to -511, nt  -379 to -276, and  nt -276 to -1891, and one 
region that  inhibits promoter  activity (nt -413 to -379). 

The deletion constructs also were  transfected  into  the  human 
embryonic kidney cell line 293, known to  express IGFBP-2 (24). 
The  same  three regions with positive promoter  activity in 
BRL-SA cells and a region with inhibitory  activity  were  iden- 
tified in 293 cell transfections. The 5' end of the region display- 
ing inhibitory  activity appeared  to extend further  upstream 
than  in BRL-3A cells, to nt  -453. Luciferase  activity using  the 
shortest promoter fragment  (nt -189 to -361, although only 
-3% that of the  nt -581 to -36 construct,  was  26 2 6 (S.E., n = 
4)  times  greater  than  that of the promoterless c ~ n s t r u c t . ~  These 
results  indicate  that  the functional importance of these  regu- 

The -fold increase in promoter activity compared with the corre- 
sponding promoterless construct could not be evaluated precisely in 
BRL-3A cells  because activity in  the promoterless construct was  not 
significantly different from  background  activity. Taking the minimum 

one-tailed t test)  as the activity in the promoterless construct, we cal- 
significant increase in activity that we could have detected ( p  < 0.05, 

culated the activity of the nt -189 to nt -36 construct as >2l-fold that 
of the promoterless construct. In 293  cells, luciferase activity of the 
promoterless construct was significantly different from  background  ac- 
tivity.  After subtraction of background  activity, the -fold increase in 
promoter activity was calculated as 26 2 6-fold (S.E.). 
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latory  sequences is conserved in both cell lines. 
BRL-3A Nuclear Extract Protects Sequences in the Distal 

Regions of the Rat IGFBP-2 Promoter-DNase I  footprinting 
analysis  was used to identify the specific sites  in  the  distal rat 
IGFBP-2 promoter  shown by deletion analysis  to be function- 
ally important (Fig. 2). Using a n t  -676 to -392 promoter  frag- 
ment labeled on the coding strand as probe, 20 or 40 pg of 
BRL-SA nuclear  extract strongly  protected the region between 
n t  -552 and -534 from DNase  I  digestion  (Fig. 2, lanes 1-4). 
This protected site  might account for the decrease in promoter 
activity that  was observed when the region between nt -581 
and -511 was deleted. 

Using a n t  -453 to n t  -189 promoter fragment labeled on the 
noncoding strand, two regions  were  protected from DNase  I 
digestion by incubation with BRL-3A nuclear  extract (Fig. 2, 
lanes 5-8). The most 5' footprint extended from n t  -347 to  nt 
-323 and contained a strong DNase  I hypersensitive  site at n t  
-332. The protected  sequence is contained within  the  nt -379 
to  nt  -276 region of the rat IGFBP-2  promoter whose deletion 
is responsible for a 4.5-fold drop  in activity in  transfection 
experiments (Fig. 1). The second region within this  fragment 
that  was protected by BRLSA  extract  was located between n t  
-276 and  nt -189, a region whose deletion  led to an  additional 
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FIG. 2. DNase I proteetion assay of the dis ta l  I P . ~ ~ O M  of the rat 

IGFBP-2 promoter. Promoter  fragment nt  -676 to -392 labeled on the 
coding strand (lanes 1-4 ), and  fragment  nt -453 to -189 labeled on the 
noncoding strand (lanes 5-8), were  digested  with  DNase I in  the  ab- 
sence (lanes 1,2,5, and 6 )  or presence of 20 pg (lanes 3 and 7) or 40 pg 
(lanes 4 and 8) of BRL-3A nuclear  extract. The sites protected  from 
DNase I digestion are  bracketed;  their  positions  are  given  relative  to  the 
translation  initiation  site.  The  nucleotide  sequence  protected  between 
n t  -552 and -534 is 5'ACTCAAGGTCA'ITG'ITCCT3' (coding strand); 
the sequence  protected  between n t  -347 and -323 is 5'GAGAG- 
TAAGAATAACmGCCAGCGT3' (noncoding  strand).  A  DNase I hyper- 
sensitive  site  is visible a t   n t  -332 in lanes 7 and 8. The  nucleotide 
coordinates of the protected  region located upstream of nt  -276 were 
mapped  in Fig. 3. 

4.3-fold decrease in promoter  activity (Fig. 1). The nucleotide 
coordinates of this protected region were mapped in experi- 
ments  to be described below. 

BRL-3A Nuclear Extract Protects a  Cluster of GC  Boxes Near 
the Dunscription Start Sites of the Rat ZGFBP-2 Promoter 
"The  preceding results  indicate  that multiple  sequences in  the 
distal 5"flanking region (nt -581 to -189) increase IGFBP-2 
transcription - 25-fold and  that sequences  downstream from 
nt  -189 increase IGFBP-2  promoter  activity a t  least 21-fold 
compared to the promoterless pA3LUC construct. As the IG- 
FBP-2 promoter lacks a TATA  box to direct the efficient initia- 
tion of transcription, we have devoted the  remainder of this 
study to defining the proximal elements  that  are required for 
basal promoter activity. 

The rat IGFBP-2 promoter is GC-rich in  the region of tran- 
scription initiation, providing many potential  binding sites for 
nuclear  proteins  that recognize GC-rich sequences. To deter- 
mine which of these  sites  are recognized by nuclear  proteins  in 
BRL-3Acells, we incubated a n t  -276 to -36 promoter fragment 
labeled on the noncoding strand  with 10 pg of nuclear  extract. 
Two regions of the  fragment were  strongly protected from  DN- 
ase I digestion by the  extract, one extending from nt -189 to 
-125 and a second located between n t  -234 and -215 (Fig. 3, 
lane 1 versus 3). This  latter footprint  most likely corresponds to 
the poorly resolved protected region seen between nt -276 and 
-189 in Fig. 2. 

The sequences  protected  between n t  -189 and -125 and be- 
tween n t  -234 and -215 include three GC boxes and one GC 
box, respectively, and resemble  sequences that bind the  tran- 
scription  factor Sp l  (25-27). Incubation of the  nt -276 to -36 
fragment with  30 ng of purified human Sp l  protected both the 
n t  -189 to -125 and  the  nt -234 to -215 regions from DNase I 
digestion, reproducing almost exactly the  pattern of protection 
observed with BRL-3A extract (Fig. 3, lane 2 versus 3 ) .  

The size of the broad  footprint covering nt -189 to -125 
suggested that  i t  might contain three  tandem Sp l  binding 
sites, since a single Sp l  molecule typically protects 18-20 nt 
(25). To determine  the  exact  number of binding sites in this 
region, we created  independent block mutations of the poten- 
tial Sp l  binding sites by replacing nt -139 to -130 (ABox  11, nt 
-163 to -154 (ABox 2), and  nt -183 to -174 (ABox 3) with  a 
10-nt BglII linker.4 A similar block mutation, ABox 4, was cre- 
ated a t   n t  -226 to -217. DNA fragments  (nt -276 to -36) 
containing  these individual block mutations or the  native se- 
quence  were compared in DNase I protection assays. The frag- 
ment  containing  the ABox 2 mutations no longer bound Spl  
and  was not protected by either BRL-3A extract or Sp l  over the 
internal region n t  -163 to n t  -146 (Fig. 3, lanes 7-12). Binding 
to the 5' and 3' sites  was not affected by the ABox 2 mutations, 
demonstrating  that  the  nt -189 to -125 footprint is composed of 
three  distinct S p l  binding sites. Similarly, block mutations in 
Box 1 and Box 4 abolished protection (over n t  -143 to -125 and 
n t  -234 to -215, respectively) by purified Sp l  or BRL-SA ex- 
tract (Fig. 3, lanes 1-6  and lanes 19-24). Although protection 
over Box 3 (nt -189 to -170) was  lost when the corresponding 
block mutant  was incubated with purified Spl,  this region was 
still  partially protected following incubation  with BRL-SA 
nuclear  extract (Fig. 3, lanes 13-18). 

These  results indicate that purified Sp l  binds to four sites 
between nt -234 and -125. Binding to each site  appears to be 

The BglII mutations  were  centered over GC boxes 1 and 4, but not 
over Box 3, because  sequence  analysis  suggested two potential overlap- 
ping  sites  (nt -184 to -173 and  nt -177 to -168). Therefore, we replaced 

The BglII substitution  was  targeted to the 5' end of  Box 2 so as not to 
a region common to both of these  potential  sites  with  the BglII linker. 

change  sequences  in the  immediate vicinity of nt  -151, one of the 
transcription  start  sites  described previously (17).* 
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FIG. 3. DNase I footprinting analysis of  the  proximal  region of the rat IGFBP-2 promoter. DNA fragments  corresponding to n t  -276 to 
-36 of the wild-type rat IGFBP-2  promoter or the  same region  containing BglII block mutations  in  one of the four GC boxes (ABox 1, ABox  2,  ABox 
3, and ABox 4) were  labeled on the noncoding strand  and digested  with  DNase I in  the  absence (-) or in  the presence of purified Sp l (30  ng) or 
BRL-3A nuclear  extract  (10  pg). Digestion of the wild-type fragment  analyzed on the  same gel as  each mutant  fragment  is  shown  in  each  panel; 
the  sites  protected  (nt -189 to -125 and  nt -234 to -215) are bracketed on the left side.  The region whose protection  was  eliminated by the 
individual block mutation  is bracketed on the right side of each  panel  and  its  nucleotide  boundaries given. Sp l  did not  protect the region closest 
to n t  -189 nearly  as well as BRL-3A extract  even  when  added at double  concentration  (results  not  shown). 

Competitor: sp 1 Box 1 Box 2 Box 3 Box4 B g l l  
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FIG. 4. Gel shift analysis showing the relative ability of the GC boxes from the rat IGFBP-2 promoter to competitively  inhibit 
binding of an  oligonucleotide  probe containing a consensus Spl binding site. Labeled oligonucleotide probe (20,000 cpm)  was  incubated 
with  either 1 pg of BRL-3A extract (top  panel) or 1 ng of purified Sp l  (bottom  panel) in the presence of increasing  molar excess (0, 30, 100,300, 

box 1 (Box 1, lunes 6-10), GC box 2 (Box 2, lunes 11-15), GC box 3 (Box 3, lanes 16-20), or  GC  box 4 (Box 4, lunes 21-25). Box 1, Box 2, Box 3, and 
1000 x)  of oligonucleotides corresponding  to  the Sp l  consensus  sequence (lanes 1-5) or to sequences of the rat IGFBP-2 promoter  containing GC 

Box 4 oligonucleotides correspond  to n t  -147 to -120, nt  -171 to -144, n t  -187 to -160, and  nt -237 to -210 of the rat IGFBP-2 promoter, 
respectively. Only the  relevant  portion of the  autoradiograms  is  shown.  The Sp l  probe  formed  two specific protein-DNA complexes with BRL-3A 
extract  and  one complex with  purified Spl  (see  also Fig. 6). The  autoradiograms  used  to  construct  the composite figure  were exposed for 6 h.  The 
specificity of complex formation  is  demonstrated by the  inability of the BglII linker oligonucleotide to  competitively  inhibit  binding (1000-fold molar 
excess, lune 26). 

independent, since it  was  not affected by single block mutations 
in  any of the  other  sites. BRL-3A nuclear proteins  bind  indis- 
tinguishably from Spl  to Boxes 1,2,  and 4. The  partial protec- 
tion by  BRL-SA extract with the ABox 3 mutant may indicate 
that  other  nuclear  proteins bind to  adjacent sequences when 
Spl   is  unable  to bind to Box 3 or that  insertion of a BglII linker 
creates  an unexpected binding  site  in  this region. 

The Duns-acting Factor Binding the Cluster of GC Boxes in 
BRL-3A Extract Is Spl or an  Spl-like Protein-Gel shift  assays 

were  used to compare the binding specificity of Spl,  and of the 
nuclear factors in BRL-SA extract,  to each of the four GC boxes. 
BRL-3A extract formed two protein-DNA complexes with a ra- 
diolabeled double-stranded oligonucleotide containing a 10 
base  pairs consensus  binding site  (26,27) for the  transcription 
factor S p l  (Fig. 4, top). Oligonucleotide probes corresponding to 
the four GC boxes also formed two complexes with BRL-3A 
extract having the  same mobility as those observed using  the 
Sp l  probe; no significant  binding was observed to other pro- 
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FIG. 5. Spl oligonucleotide  inhibits  protection of GC boxes 1 4  of the rat IGFBP-2 promoter  by Spl and BRL-SA extract  in DNase 
I footprinting assays. Promoter  fragment n t  -276 to -36 was  labeled on the noncoding strand.  Increasing  molar  excess  (0.50.200, 1000, 5000 
x) of the oligonucleotide corresponding to the  Spl consensus  sequence  was  added  immediately before the probe  to  DNase I digestions performed 
in  the presence of 30 ng of Sp l  (lanes 2-6) or 10 pg of BRL3A  extract (lanes 9-13). The  pattern of digestion by DNase I obtained  in  the  absence 
of DNA binding  protein is shown  in lanes I and 8. A 5000-fold excess of BglII linker oligonucleotide did  not  eliminate  the protection observed with 
Sp l  (lune 7) or BRL-3Aextract (lune 14). The boundaries of the two regions  protected  with Spl  and BRL-3A extract  containing Boxes 1,2,  and 3 
(nt -189 to -125) and  containing Box 4 (nt  -234 to -215) are given.  The region protected by each  individual box is  indicated. 

teins  in  the BRL-3A extract  (results  not shown).  Purified Sp l  
formed a single complex (Fig. 4, bottom) that  migrated simi- 
larly to that of the  upper BRL-3A complex (cf. Fig. 6). The Sp l  
oligonucleotide probe also formed two complexes with  similar 
migration when  incubated  with  nuclear  extracts from 293  em- 
bryonic kidney cells (not shown). 

Formation of two specific protein-DNA complexes also has 
been reported  with  other  nuclear  extracts  and probes corre- 
sponding to GC boxes from various  genes or consensus Sp l  
sequence oligonucleotides (28-31). In some cases  this  has been 
attributed  to differences in  post-translational modification, 
such as the presence of dephosphorylated and phosphorylated 
forms of Spl,  with  apparent molecular masses  95  and 105  kDa, 
respectively  (32). It  is unlikely that  the two bands  in  our ex- 
periments  represent Sp l  multimers, as we have  not used  a 
large excess of protein relative  to  the probe, the condition in 
which multimerization occurs (331, and  the doublet was not 
seen with S p l  itself. Alternatively,  one of these  bands  might 

represent  an  Spl-like protein rather  than  authentic  Spl (Ref. 
29 and  see below). 

Formation of complexes of  BRL-3A nuclear  proteins and Sp l  
with  the consensus Sp l  oligonucleotide probe was completely 
inhibited by incubation  with 100-fold molar excess of unlabeled 
Sp l  oligonucleotide (Fig. 4, lanes I&), but not by 1000-fold 
excess of an oligonucleotide containing the BglII linker (Fig. 4, 
lam 26h5 In addition, oligonucleotides corresponding to  the 
regions of the rat IGFBP-2 promoter that contain GC boxes 1, 
2, and 4 competitively inhibited the formation of the  Spl  and 
BRL-3A complexes, although  they were  slightly less potent 
than  the  Spl oligonucleotide. The GC box 3 oligonucleotide was 
a less effective competitor; 300-fold molar excess did not com- 
pletely inhibit formation of the protein-DNA complexes ob- 

four GC boxes showed a similar specificity of inhibition  (results  not 
Complexes formed with oligonucleotide probes  corresponding to the 

shown). 
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tained with BRL-3A extract  and Sp l  (Fig. 4, lanes 16-20). 
These results suggested that GC  Box 3 had a lower affinity for 
Spl  and BRL-3A nuclear  proteins  than did Boxes 1, 2, and 4. 

To determine  whether  this  apparent difference in affinity 
also was observed in  the context of the  natural promoter, com- 
petitive  DNase  I  footprinting assays were performed using  the 
n t  -276 to -36 promoter fragment labeled on the noncoding 
strand (Fig. 5). Protection of each of the four GC boxes by Sp l  
and BRL-SA extract  was decreased when Sp l  oligonucleotide 
was added a t  200-fold excess or higher concentration.  Binding 
of Sp l  and BRL-3A extract  to Box 3 and  the  other  three GC 
boxes was  inhibited at the  same  concentrations of added oligo- 
nucleotide. These  results  indicate  that  in  the  natural promoter, 
the affinity of  Box 3 for Spl  and BRL-3A nuclear  proteins  is 
similar  to  that of the  other  three GC boxes. 

The two  major proteins in BRL-3A extract  that bind the  Spl  
oligonucleotide were  identified immunologically by gel shift 
analysis performed in  the presence of antibodies  raised  against 
human  Spl (Fig. 6).  Extract  incubated  with  increasing concen- 
trations of antibodies to Sp l  prior to incubation with  the  Spl 
oligonucleotide probe inhibited formation of the two Spl-DNA 
complexes in dose-dependent  fashion. In  the  reactions  that re- 
ceived the  Spl  antibodies, some protein-DNAcomplexes did not 
enter  the gel and presumably represent aggregated material 
(Fig. 6, lanes 2-4).  In  experiments  using  larger  amounts of 
BRL-3Aextract (not shown), a supershifted  band (i.e. a complex 
with  reduced mobility) also was detected above the more slowly 
migrating protein-DNA complex. Binding of antibodies  to  pu- 
rified Sp l  gave both a supershift  and some aggregated material 
that did not  enter  the gel (Fig. 6, lane 9). In  contrast,  antibodies 
directed against  human fibronectin did not  inhibit  the forma- 

Extract: BRL-3A SPl 

Anti-Spl (PI) - 1  5 1 0 " -  
Anti-Fibronectin (PI )  - - - - 1 5 10 I 

1 2 3 4 5 6 7  8 9 10 

FIG. 6. Immunologic  identification of the BRCSA nuclear pro- 
teins  binding  the Spl consensua  recognition site. Increasing vol- 
umes of rabbit  antibodies (1 pg of IgG/pI) to the  human  transcription 
factor Sp l  (lunes 2, 3, 4 ,  and 9) or human  fibronectin (lanes 5, 6, 7, and 
10)  were  incubated  with 0.25 pg of  BRL-3A extract (lanes 1-7) or 1 ng 
of purified Sp l  (lanes 8-10) for 15  min,  after which a labeled Sp l  
oligonucleotide (20,000  cpm)  was  added  and gel shift  analysis  per- 
formed. The solid arrows on the left indicate  the  positions of the two 
specific protein-DNA complexes observed  with BRL-3A extract.  The 
supershifted (lane 9) and normally  migrating (lanes 8 and 10)  Spl-DNA 
complexes are indicated on the right by the open and closed arrows, 
respectively. In  the presence of Sp l  antibody,  aggregated  Spl-DNAcom- 
plexes were observed that did  not  enter  the gel (lanes 2, 3, 4, and 9). 
Both panels  are from the  same  autoradiogram.  In  the  absence of anti- 
body, purified Sp l  formed a complex that  migrated  nearly  identically 
with the  upper complex observed with BRL3A  extract. 

TABLE I 
Sp l  stimulates  rat IGFBP-2 promoter  activity  in Drosophila SL2 cells 

three GC boxes (StyI-NheI, nt -189 to -36) or all  four GC boxes (EarI- 
Plasmids  in  which IGFBPS promoter  fragments  containing  the first 

NheI, nt -276 to -36) fused  to a promotorless  luciferase  reporter  gene 
were  transfected  into  the Drosophila SL2 cell line  together  with  an 
in-frame Sp l  expression vector (pPadhSpl-in  (Spl-in)),  an out-of-frame 
Sp l  expression vector (pPadhSpl-out  (Spl-out)), or an unrelated vector 
(pGEM-7Zff -). Plasmids  (10  pg  each)  were  cotransfected  into  SL2 cells 
by calcium  phosphate  precipitation.  Cells  were lysed and  analyzed for 
luciferase  activity  48  h  later.  Luciferase  activity  (arbitrary  units)  was 
normalized for the  amount of protein  in  each cell lysate,  and  is  shown 
for  each of two  experiments.  Transfections  were performed in  duplicate 
within  each  experiment  and  the  mean k S.E. is shown.  The  ratio of 
luciferase  activity  obtained  with  cotransfection of the  in-frame Sp l  
expression vector to the  activity  obtained  with  cotransfection of the 
out-of-frame Sp l  expression vector (Spl-idSpl-out)  is calculated. 

Luciferase  activity  Relative  activity 

Unrelated  Spl-out  Spl-in Spl-idSpl-out 

StyI-NheI construct 
Experiment 1 NT" 38k 1 420e  124 10.8k3.1 
Experiment  2 1 9 2 8  4 0 2  1 271262 6.82 1.6 

Experiment 1 NT" 138 2 8 769" 5.6 2 0.4 
Experiment  2 3 6 2  11 77' 1395k9 18.1 20 .1  

EarI-NheI construct 

Not tested. 

24.5 2 0.4-fold. Because of the  large  variation, only the  sample  with 
" Single  sample.  The  relative  activity of the  duplicate  sample  was 

lower  relative  activity  is  tabulated. 
Single  sample.  The  luciferase  activity of the  duplicate  sample  using 

the out-of-frame Sp l  expression vector was 264, considerably  higher 
than  the pGEM-7Zf(-) plasmid control. Even  using  this  value for the 
out-of-frame Sp l  plasmid, the  in-frame Sp l  expression  vector would 
have  stimulated  luciferase  activity  5.0 5 0.1-fold. 

tion of the protein-DNA complexes, nor did i t  lead to  the for- 
mation of supershifted or higher  order complexes with either 
BRL-3A extract or purified Spl  (Fig. 6, lane 5-7 and lane 10). 
These  results suggest that  the proteins in BRL-SA extract  re- 
sponsible for forming the two protein-DNA complexes with Sp l  
oligonucleotide and oligonucleotides corresponding to  the four 
GC boxes are immunologically related  to  human  Spl. 

Spl Can Duns-activate the Rat ZGFBP-2  Promoter-To for- 
mally demonstrate  that Sp l  can trans-activate  the rat 
IGFBP-2 promoter, we performed transfection experiments  in 
the Drosophila cell line SL2 (Table I). The factors  comprising 
the  basal  transcription machinery are conserved between Dro- 
sophila and  mammals,  yet SL2 cells do not contain any endog- 
enous  Spl(20). Reporter  plasmids  containing rat IGFBP-2 pro- 
moter  fragments with either  three  (nt -189 to -36) or four (nt 
-276 to -36) GC boxes were  cotransfected  with  in-frame or 
out-of-frame Sp l  expression  plasmids. With both promoter 
fragments, cotransfection  with  in-frame Sp l  increased lucifer- 
ase activity 5-18-fold relative  to  the out-of-frame Sp l  con- 
struct.  These  results indicate that  the proximal three GC boxes 
are sufficient for Sp l  to  trans-activate  the IGFBP-2 promoter 
in SL2 cells. 

Full Activity of the ZGFBP-2 Promoter Requires the Integrity 
of the Three Proximal GC Boxes-We next studied  the func- 
tional consequence of independent block mutations  in each of 
the four GC boxes (ABox 1, ABox 2, ABox 3,  and ABox 4). 
Plasmids  containing  the  mutations  in  the context of a reporter 
plasmid  exhibiting  full  activity (nt -581 to -36) were trans- 
fected into BRL-3A or 293 cells (Fig. 7). Independent  mutations 
in Box 1,2, or 3 reduced promoter  activity by - 80% in BRL-SA 
cells and by - 60% in 293 cells. The block mutation in Box 4 
decreased  promoter  activity to a lesser  extent  than  mutations 
in  the  other  three GC boxes in BRL-3A cells (60%)  and did not 
decrease  activity in  the 293 cell line (Fig. 7). Thus,  the  integrity 
of all four GC boxes is required for full activity of the  rat 
IGFBP-2 promoter  in  BRG3Acells, but  the  first  three GC boxes 
alone are sufficient in  the 293 cell line. 
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FIO. 7. Activity of the rat IGFBP-2 promoter  containing  indi- 
vidual block mutations in the four GC boxes. Plasmids containing 
either the n t  -581 to -36 (XbaI-NheI) promoter fragment (wild type) or 
the same  fragment harboring individual block mutations of the GC 
boxes (ABoxl, -2, -3, -4) were cotransfected with plasmid pTKGH into 
BRL-3A  cells (solid bars) and 293 cells (hatched bars). For BRL3A 
transfection,XbaI-NheI  and pTKGH  plasmids were added at 30 and 50 
pg, respectively; 10 pg of both plasmids were  transfected into 293 cells. 
Each  transfection was performed in duplicate within an experiment. 
For BRL-3Acells, the results represent the mean * S.E. of five ( ABox 1, 
-2, -3) or three (ABox 4) independent  experiments. For 293 cells, the 
results are the mean S.E. of three (ABox 1, ABox 4) or 2 (ABox 2, ABox 
3) experiments.  Luciferase activity, normalized for growth hormone 
content. is expressed as a percentage of the  activity of the wild-type 
construct  transfected in the same  experiment.  In  these  experiments,  the 
nt  -189 to -36 construct  had 5.0 * 0.6%  and 2.7 0.2% luciferase 
activity of the n t  -581 to -36 construct in BRL3A  and  293  cells,  re- 
spectivelpa 

DISCUSSION 
Regulation of IGFBP-2 gene  transcription  accounts at least 

in  part for the  temporal  and metabolic regulation of IGFBP-2 
mRNA abundance in rat liver  (16). In  the  present study, we 
have  undertaken a characterization of the functional  regions of 
the IGFBP-2 promoter. By deletion mapping,  three broad re- 
gions, n t  -581 to -511, n t  -379 to -276, and  nt -276 to -189, 
were  identified that  contributed positively to promoter  activity 
in  BRL3A cells. Overall,  deletion of n t  -581 to -189 reduced 
promoter activity by more than 95%. DNase I footprinting ex- 
periments identified  sequences  protected by BRL3A  nuclear 
extracts  within  these  stimulatory regions.  Deletion analysis 
also suggested the presence of negative cis-elements located 
between n t  -413 and -379, although  preliminary  footprinting 
experiments  have  not revealed  protected  sequences  in this  re- 
gion (results  not shown). The  same regions are  important for 
promoter  activity in  the  human embryonic  kidney cell line 293. 

Although elements  upstream of n t  -189 contribute signifi- 
cantly to IGFBP-2 promoter activity, the deletion construct 
with  its 5' end at n t  -189 retains more than 21-fold greater 
promoter  activity than  the promoterless  plasmid, suggesting 
that  important cis-elements also  are located downstream of n t  
-189. As the IGFBP-2  promoter lacks TATA and CCAAT boxes 
that commonly specify the start site  and  determine  the effi- 
ciency of transcription (34). in  this  study we have focused on 
identifying the  elements  in  the proximal region of the promoter 
that  are  required for the efficient activation of transcription. 
This region is GC-rich (17)  and  contains four GC boxes that are 
potential  binding  sites for the  transcription factor Spl.  DNase 

Promoter  activity  in  constructs  containing block mutations in Box 1, 
2. or 3 are higher than the activity in a n t  -189 to n t  -36 deletion 
construct. This may  reflect the fact that the block mutations were 
examined in a n t  -581 to n t  -36 promoter fragment, which contains at 
least two  upstream  regions that stimulate gene transcription. Unless 
these positive  effecta  require interactions with Sp l  that are abolished in 
the block mutations in the individual boxes, the residual activity rep- 
resents the  net  effect of decreased  basal  activity  because of the block 
mutation and enhanced activity because of the two upstream  regions. 

Comparison of the nucleotide .sequences of the four mt IGFBP-2 CC 
TARLE 11 

boxes and the S p l  consensus sequence 
The position of the four GC boxes of the rat IGFBP-2  promoter are 

given relative to A%. +l. The Sp l  consensus sequence is from Brigpet 
al. (27) and Kadonaga et of .  (26). Alternative nucleotides in the consen- 
sus sequence are indicated at positions 1. 2. and 7-10. Nucleotides 
differing from the consensus are underlined  and in bold. 

Nucleotide nequence Ponitian 

Box 1 G G C C C C C C C A  -138 to -129 
Box 2 G G G G A Q Q Q Q A  -158 to -149 
Box 3 A G Q Q A Q T Q Q T  -177 to -168 
Box 4 T G G G C G T G T Q  -227 to -218 
S p l  consensus G G G G c G G G C C 

- 

T A  T A A T  

I footprinting  analysis of native  and  mutated  nt -276 to -36 
DNA fragments revealed that  BRL3A  nuclear  extract protects 
a broad region between n t  -189 and -125 that  contains  three 
possible S p l  binding  sites,  and a fourth region between nt -234 
and -215 that  contains a single S p l  binding element.  The  same 
four sites were  protected by purified Spl.  'Tkanscription of 
many TATA-less promoters is  activated by Sp l  (31, 35-38). 
suggesting  that  Spl may act a t  these proximal Spl  binding 
sites to increase IGFBP-2 gene  transcription. 

Although GC-rich regions are recognized by many  nuclear 
proteins  other  than Sp l  (39), we have  demonstrated  that  the 
protein in BRG3A extracts  that  binds to the four GC boxes 
between n t  -234 and -125 is  Spl or a closely related protein. In 
gel retardation  assays, BRLBA extract formed two specific pro- 
tein-DNA complexes with an oligonucleotide probe containing 
the  consensus S p l  recognition sequence. The  upper complex 
migrated  similarly to the complex formed between the  Spl 
oligonucleotide and purified human  Spl. Formation of both 
complexes was competitively inhibited by unlabeled oligo- 
nucleotides  corresponding to the four GC boxes of the IGFBP-2 
promoter and by a polyclonal antiserum  raised  against  amino 
acid residues 520-538  of human Sp l  which are conserved in rat 
Spl(40). When  used as probes  in mobility shift  assays, each of 
the four GC boxes formed the  same two protein-DNA complexes 
as the  Spl  consensus oligonucleotide and gave no other major 
retarded  band  (results not  shown). In  addition, Sp l  trans-acti- 
vated rat  IGFBP-2  promoter fragments  that contain three or 
four GC boxes when  cotransfected into  the Drosophila SL2 cell 
line  that  lacks endogenous Spl.  Four  Spl-like  proteins (BTEB. 
Sp2, Sp3, and  Sp4) recently have been cloned (40-421, some of 
which bind the  Spl  consensus sequence  with  comparable affin- 
ity to authentic  Spl, are indistinguishable from Sp l  in gel shift 
assays, or are homologous to Sp l  in the region against which 
the  Spl  antiserum  was  raised.  It  remains to be determined, 
therefore,  whether Spl  itself or a closely related protein  acti- 
vates the rat IGFBP-2  promoter in BRLBA cells. 

Despite the  fact  that  the nucleotide  sequences of the four GC 
boxes of the rat IGFBP-2  promoter  differ somewhat from the 
S p l  consensus recognition sequence (26,27)  (Table II), purified 
S p l  or Spl-like  proteins  in  BRL3A  extract bind with similar 
specificity to these  sites.  In competitive gel shift experiments, 
the  binding of labeled Sp l  consensus oligonucleotide to these 
proteins  was  inhibited  with  similar potency by unlabeled Spl 
consensus oligonucleotide and by unlabeled oligonucleotides 
containing Box 1.2, or 4. In  contrast,  the Box 3 oligonucleotide 
appeared less potent as a competitor  (Fig. 4)  and  as a probe (not 
shown). The  apparent difference  in potency of Box 3, however, 
appears to be a  function of the  relative position of the GC box 
within  the oligonucleotide used  in the gel shift  assays  and of 
the  length of the  flanking sequence, rather  than a reflection of 
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CGTTCGT.GCACGAGAGTGCGTCCTCACGGAACCCCCCC 
GCAAGCACGTGCTCTCACGCAGGAGTGCCTTGGGGGGG 

I I I I I IA I I I I I I I 
-240 -220 -200 Stv I -180 -1 60 -1 40 -120 

FIG. 8. Nucleotide sequence of the proximal  rat IGFBP-2 promoter. The  nucleotide  sequence is taken from  Brown  and  Rechler (17). The 
location of the four GC boxes is indicated. Initial assignment was based  on  sequences  most  closely  matching the Spl binding  site  and  verified by 
gel  shiR assays. The  position of  Box 3 was  assigned after observing that the 10-base  pair  sequence  corresponding to nt -177 to -168 (but not to 
nt -184  to  -173 as predicted by Binkert et al. (23)) flanked by random  sequence  formed the expected  protein-DNAcomplexes  with Spl and BRL-3A 
extract. The  position of the Sty1 restriction site at nt -189 is indicated by a closed triangle. 

the affinity of  Box 3 in the context of the  natural   prom~ter .~ 
Indeed,  in  DNase I footprinting  assays,  unlabeled oligonucleo- 
tide  containing  the  consensus S p l  sequence  competitively in- 
hibited the binding of purified S p l  or BRL-SA extract to each of 
the four GC boxes contained  in the labeled nt -276 to -36 DNA 
fragment at the  same -fold excess. 

The nucleotide sequence of the four GC boxes differs  from 
that of the  Spl  consensus  sequence (Table 11) in positions  pre- 
viously shown  to  have  little effect on S p l  binding.  Based  on the 
crystal  structure of the protein-DNA complex of the closely 
related zinc finger  protein Zit268 (or EGR-l), Kriwacki et al. 
(43) proposed a model in which high affinity binding of S p l  
required zinc finger 3 to contact G's at positions  2 and 3, and 
zinc finger 2 to  contact G s  at positions  4 and 6. These four G's 
are conserved in  each of the  four GC boxes of the rat IGFBP-2 
promoter (Table 11). Binding of S p l  to  the GC boxes of the 
IGFBP-2 promoter  was  not affected by differences at positions 
1 (Box 3),9 (Box 41, and  10 (Boxes 1,2,  and 4). These  results  are 
consistent  with  the views that positions 1 and  10 in the  Spl  
consensus  sequence  are  least  important for binding affinity (25) 
and  that  the  six  residues  at  the 5' end of the  Spl  consensus 
sequence (GGGGCG) contribute more to  total  binding  energy 
than  the 4 residues at the 3' end (GGGC) (43). Similarly, a C to 
A transversion at position 5 of Boxes 2 and 3 of the IGFBP-2 
promoter  had no major effect on  binding affinity. Although the 
same  central A transversion reduced the  binding affinity 3-fold 
in oligonucleotide binding  studies (441, sites  containing  this 
mutation in the context of several  natural  promoters (25,  35, 
45, 46) were  functional  and bound S p l  with  high affinity. 

S p l  binding  to  the  four GC boxes of the IGFBP-2 promoter 
appears to be independent  and noncooperative. Block mutation 
in  any one box does not affect binding  to  the  other  three boxes 
in  DNase I footprinting  assays (Fig. 3). As purified Spl  and 
BRL-3A extract  were used at only two to  three  times  saturating 
concentrations  in  these  experiments,  the  fact that the  other 
sites  are  still fully  protected  implies that  they  bind  Spl-like 
proteins  with  unchanged affinity and  that  major positive coop- 
erativity does not  take place between  the  sites.  In  fact, coop- 
erative  binding of S p l  to a cluster of  GC boxes has  never been 
demonstrated (33, 36, 47, 48). 

The proximal three GC boxes in  the IGFBP-2 promoter  are 
separated by only 9 and 10 nucleotides  (Fig. 8). Clustering of 
GC boxes in close proximity to  the  transcription start site is 
typical of TATA-less promoters (35-37, 49, 501, in  contrast  to 
TATA-containing promoters  in which a single GC  box is usually 
found adjacent  to  elements  that  bind  other  basal  transcription 
factors (28,  29, 51-53). Constructs  containing  the  three clus- 
tered GC boxes were sufficient to allow trans-activation of the 
IGFBP-2 promoter by Spl   in  SL2 cells. Independent block mu- 
tations in any of the  three proximal GC boxes reduced promoter 
activity to the  same  extent  in BRL-3A (-80%) and  293 (-60%) 
cells,6 implying that each box is required  and  equally  important 
for promoter function. This  functional equivalence  differs  from 
the  situation  in  another TATA-less promoter that  has  three 

Y. R. Boisclair, A. L. Brown, S. Casola,  and M. M. Rechler,  unpub- 
lished results. 

clustered GC boxes, the rat transforming growth factor a pro- 
moter, in which the GC box closest to the  transcription start 
site is functionally the most important (37). 

In  the TATA-containing promoter of the  human argininosuc- 
cinate  synthetase  gene,  the  three  clustered GC boxes are syn- 
ergistically  activated by Spl ;  promoter  activity  was  eight  times 
greater in constructs  with  three  functional  sites  than predicted 
from the  separate  activities of the sites (47). Synergistic  inter- 
actions of the proximal three GC boxes in  the IGFBP-2 gene 
was  suggested by the  fact  that  promoter  activity in BRL-SA 
cells decreased disproportionately  when a single member of the 
GC  box cluster  was inactivated.* Tjian  and co-workers (33) 
have proposed that synergistic  activation  results from the as- 
sociation of S p l  monomers by protein-protein  interactions to 
form tetramers,  with one  monomer of each  tetramer  binding  to 
a single GC box. Tetramers  binding  to  adjacent GC boxes then 
can  stack  to form multimeric S p l  complexes, creating a DNA 
loop juncture  and producing a more effective activation  surface 
for the  transcription  machinery (54, 55). 

In  natural TATA-less promoters, mutations in S p l  binding 
sites located near  transcription  initiation sites decrease  the 
extent of transcription  initiation  and  alter  the  relative  usage of 
alternative  initiation sites (36-38), suggesting that S p l  may be 
involved both in the  activation of transcription  and  in position- 
ing  the  initiation complex. Transcription  initiation at TATA- 
less  promoters utilizes the  same  general  initiation  factors as 
transcription  in TATA-containing promoters, including  partici- 
pation of the TATA binding  protein as part of the  TFIID com- 
plex (56).9 Based  on studies  with  artificial  promoters  contain- 
ing  the six GC boxes of the SV40 early  promoter  fused  to  the 
initiator  element of the  adenovirus major late promoter, Tjian 
and co-workers (56,  57) proposed that S p l  bound to a GC  box 
would recruit  the  TFIID complex through  protein-protein in- 
teractions  with a heat-labile  tethering  factor that presumably 
is part of the  TFIID complex. In  this model, the TATA binding 
protein does not  bind directly to  the promoter but  is  anchored 
to  the DNA  by the  tethering  protein bound to  Spl.  Alterna- 
tively, the TATA binding  protein  has  been  shown  to bind with 
lower affinity to  the  nt -30 region of many TATA-less promoters 
(58) and  may be stabilized by transcription  factors  such as Spl. 
Whatever the mechanism by which Spl  attracts  the  TFIID 
complex to  the DNA, this interaction  may  not be  sufficient to 
properly  position the  transcription  initiation complex. In arti- 
ficial promoters, the  transcription start site  appears to be  de- 
termined by the  initiator  element  rather  than by Sp l  (59). 
Studies  are in progress to evaluate  the role of Spl   in  determin- 
ing  the specificity and  usage of the  transcription start sites in 
the IGFBP-2  promoter. 

The  fourth GC box of the IGFBP-2 promoter is less critical  for 
promoter  activity  than  the  other  three GC boxes, particularly 

8 The  luciferase  activity of constructs in  which GC boxes 1, 2, and 3 
were intact was 6 9  times greater than the sum of the activities ob- 
served in  constructs  in which  only a single GC box was intact and the 
other two boxes  were inactivated by point mutations (see Footnote 7). 

9 In  TATA-containing  promoters and presumably also in TATA-less 

of a coactivator  protein that is part of the TFIID  complex (56, 57). 
promoters,  transcription  activation by Spl also  depends on the presence 
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in  293 cells where its inactivation by mutation did not signifi- 
cantly alter expression of the luciferase reporter gene. Box 4, 
the most upstream  site, is separated from Box 3 by 40 nt  (Fig. 
8), a spatial  arrangement  that  suggests  that  its function may 
differ from that of the  three  clustered boxes. The presence of 
GC  box 4 was  not necessary for trans-activation of the IGFBP-2 
promoter by Spl   in  Drosophila SL2 cells. Box 4 might contain 
a binding domain for a  factor that  is more abundant  in 293 than 
in BRL-SA cells and competitively inhibits activation by Spl.  
Antagonism  between Spl  and  nuclear factors Zif268, NF-1, and 
the  Spl-like  protein BTEB has been  described (40, 51, 60). 

In  summary, we have  demonstrated  that  multiple regions of 
the rat IGFBP-2  promoter are important for full  activation. We 
have localized four  functional GC boxes in  the proximal pro- 
moter region and  demonstrated  that  they  are  activated by Sp l  
or Spl-like proteins. The factors binding to elements  in up- 
stream regions of the promoter, not  yet defined but  required for 
full  expression of the gene, might  interact  with  Spl-like pro- 
teins bound to proximal GC boxes (61, 621, thereby  increasing 
the concentration of activator  proteins  near  the  transcription 
initiation machinery. 
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