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Abstract

To define the molecular mechanism(s) that activate insulin re-
ceptor gene transcription during cell differentiation, we tested
nuclear extracts from BC3H-1 muscle cells for their binding to
the 5'-flanking region of the human insulin receptor gene. DNA
binding activity of nuclear extracts was low in undifferentiated
BC3H-1 cells and increased significantly during differentia-
tion. Gel retardation assays, combined with DNase I footprint-
ing, showed that the increased insulin receptor gene transcrip-
tion occurring during differentiation was directly correlated
with the appearance of DNAbinding proteins that specifically
interacted with two AT-rich sequences of the regulatory region
of the insulin receptor gene. Fibroblast growth factor, a known
inhibitor of the transcription of muscle-specific DNAbinding
proteins, did not inhibit the appearance of these insulin recep-
tor DNAbinding proteins. When 3T3-L1 cells differentiate
from preadipocytes to adipocytes, insulin receptor gene tran-
scription significantly increases. In differentiated adipocytes,
the same two insulin receptor DNAbinding proteins markedly
increased. Reporter gene analysis with the two AT-rich se-
quences demonstrated that both of these regions of the insulin
receptor gene had the characteristics of promoter rather than
enhancer elements. Thus, these proteins interacting with these
AT-rich sequences may have major importance in regulating
the expression of the insulin receptor in target tissues. (J. Clin.
Invest. 1993. 92:1288-1295.) Key words: transcription - differ-
entiation * gene expression * transacting factors * fibroblast
growth factor.

Introduction

In muscle, insulin regulates a number of key metabolic func-
tions, including membrane transport, enzyme activity, and
protein turnover ( 1). The initial interaction of insulin with
muscle and other cells is via its receptor located in the plasma
membrane (2-5). Cultured mouse and rat cell lines have been
employed to study the in vitro regulation of the muscle insulin
receptor (6, 7). These cells grow as undifferentiated myoblasts
when kept at low densities in media with high serum concen-
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trations (8-10). However, when confluent cells are grown in
media with low serum concentrations, the cells morphologi-
cally differentiate into myocytes (8-11). Concomitant with
differentiation into myocytes, there is an increase in insulin
binding to its receptor (6, 12, 13).

BC3H-1 cultured mouse muscle cells have been studied
extensively and show a 5- to 10-fold increase in insulin receptor
content when myoblasts differentiate into nonfusing myocytes
(6, 12, 13). In comparison with undifferentiated myoblasts,
myocytes demonstrate enhanced effects of insulin on the regu-
lation of several biological functions, including glucose and
amino acid transport, protein kinase activity, and phospho-
lipid turnover (6, 14, 15). In target cells the insulin receptor
has been shown to be under the regulation of hormones, metab-
olites, and differentiation (2-5, 16, 17). Recently we investi-
gated the effect of muscle differentiation on the insulin recep-
tor in BC3H- 1 cells ( 12). Increased insulin receptor content
occurred after differentiation and reflected an increase in insu-
lin receptor biosynthesis. This was accompanied by a 5- to
10-fold increase in insulin receptor mRNAabundance.

Myogenic differentiation involves the determination of
multipotent stem cells to monopotent myoblasts followed by
differentiation into myocytes that express muscle-specific
genes. Recently, several proteins, homologous to the members
of the myc family, have been reported to play a major role in
skeletal muscle cell differentiation. These proteins include
MyoD1 and myogenin (18, 19). When BC3H- 1 myoblasts
transform into myocytes, there is a marked increase in the gene
expression of muscle specific proteins such as creatine phospho-
kinase and the nicotinic acetylcholine receptor (8-11, 13, 20).
When the gene expression of the nuclear regulatory protein
myogenin in BC3H- 1 cells is blocked by either treatment with
fibroblast growth factor ( FGF) ' or by treatment with an anti-
sense oligomer to myogenin, muscle differentiation and the
expression of muscle specific proteins is prevented (20). How-
ever, neither FGFnor antisense myogenin oligonucleotide pre-
vent the expression of the insulin receptor that occurs during
differentiation ( 13, 20). Thus, the insulin receptor in muscle is
under the regulation of other regulatory proteins.

The insulin receptor promoter has been sequenced and an-
alyzed (21-25). The promoter region extends from the ATG
codon (+1) to 1800 bp upstream where an Alu sequence
begins. The insulin receptor promoter has neither a TATAbox
nor a CAATbox, but has commonsequences for Sp 1 and other
nuclear binding proteins (21-26). In this study we have ana-
lyzed the regulatory region of the insulin receptor gene using a
gel retardation assay combined with DNase I footprinting

1. Abbreviations used in this paper: CAT, chloramphenicol acetyltrans-
ferase; FGF, fibroblast growth factor; GAPDH,glyceraldehyde-3-phos-
phate dehydrogenase; LSC, liquid scintillation counting.
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(27). Wefind that there are at least two insulin receptor DNA
binding proteins in BC3H-1 cells whose expression increases
markedly during differentiation. These proteins are also ob-
served in 3T3-Ll cultured adipocytes and other cells that
readily express insulin receptors.

Methods

Materials. The following were purchased: Hepes, PMSF, bacitracin,
antipain, and leupeptin from Sigma Chemical Co. (St. Louis, MO);
[a-32PICTP (800 Ci/mmol), [a-32P]ATP (800 Ci/mmol), [a-32P]-
UTP (3,000 Ci/mmol), and [ 14C]chloramphenicol (53.1 mCi/
mmol) were from DuPont-New England Nuclear (Boston, MA); pro-
tein assay reagent and dithiothreitol (DTT) from Bio-Rad Laborato-
ries (Richmond, CA); DNase I from Worthington Biochem. Co.
(Freehold, NJ); poly(dl-dC) and poly(dA-dT) from Pharmacia Fine
Chemicals, Inc., Piscataway, NJ; pCAT-Basic vector, pCAT-Promoter
vector, pSV-f-galactosidase control plasmid, Escherichia coli strain
HBI01, n-butyryl coenzyme A from Promega Biotec (Madison, WI);
restriction enzymes were obtained from Bethesda Research Laborato-
ries (BRL), (Gaithersburg, MD); 22-mer double stranded synthetic
oligonucleotides representing consensus binding sites for Spl, Apl,
Ap2, Ap3, and NFl /CTF from Stratagene (La Jolla, CA); DMEH-21
with minimal Eagle's medium amino acid supplement, penicillin,
streptomycin, FBS, PBS, and trypsin from the Cell Culture Facility,
University of California, San Francisco, CA. The following were gifts:
basic fibroblast growth factor (FGF) from Dr. T. Scheuermann, Cali-
fornia Biotechnology, Inc. (Mountain View, CA); plasmids containing
cDNAfor insulin receptor (28) and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (29) from Dr. G. I. Bell (University of Chicago),
and Dr. B. Rapoport (University of California, San Francisco), respec-
tively.

Cell culture conditions. BC3H- 1 mouse muscle cells were cultured
as described previously ( 12, 13). Undifferentiated cultures were main-
tained at subconfluent densities in DMEmedium H-21 with 20%FBS.
Differentiation of BC3H- I cells was induced by exposing myoblasts to
media containing 1% FBS. For experiments with undifferentiated
BC3H- I myoblasts, cells were used after 3 d in culture with continuous
20% FBS. Where appropriate, FGFwas added to cultures at a concen-
tration of 30 ng/ ml. HepG2, IM-9, and HTCcells were also grown in
the same medium as BC3H-1 cells with 10% FBS.

Nuclear run-on transcription assay. Previously published proce-
dures were used to study the transcriptional activity of the insulin re-
ceptor gene during differentiation of BC3H-1 cells (13, 20). Briefly,
nuclei were isolated from BC3H-1 myoblasts and myocytes either in
the presence or absence of 30 ng/ml FGF and allowed to continue
transcribing in vitro in the presence of [32P]UTP. The radioactivity
incorporated into RNAin the transcription reactions was hybridized to
filters containing the complete protein coding sequence of either insu-
lin receptor (28) or GAPDH(29), and measured by autoradiograms.

Protein extracts. Nuclear extracts were prepared from BC3H- 1,
HepG2, IM-9, and HTCcells by the method of Dignam et al. (30).
Briefly, 1.0 X 108 cells were washed with PBSat 4°C and harvested into
buffer A ( 10 mMHepes pH 7.9, 1.5 mMMgCl2, 10 mMKCl, 0.5 mM
DTT). After centrifugation ( 1,200 rpm for 10 min), cells were resus-
pended in buffer A and kept on ice for 1O min. Cells were then homoge-
nized with a glass Dounce (type B) and centrifuged at 3,000 rpm. Equal
number of nuclei from myoblasts and myocytes were resuspended in
buffer B (20 mMHepes, pH 7.9, 0.55 MNaCl, 1.5 mMMgCl2, 0.2
mMEDTA, 25% glycerol, 0.5 mMDTT, 0.5 mMPMSF, 2 Mg/ml
antipain, I jig/ml leupeptin), and homogenized. The suspension was
centrifuged for 1 h at 35,000 rpm and the supernatant dialyzed against
buffer C ( 15 mMHepes pH 7.9, 20% glycerol, 1 mMEDTA, 40 mM
KCI, 0.5 mMDTT, 0.5 mMPMSF). Final protein concentrations in
the extracts were determined using the colorimetric assay of Bradford
(31 ). The extraction of nuclear protein ( 1-2 mg/ ml) was the same for
myoblasts and myocytes. Nuclear extracts of 3T3-LI preadipocytes
and adipocytes (32), normalized by measuring the concentration of

the serum response element binding protein, were kindly provided by
Dr. M. Alexander (Harvard University).

Gel retardation assay. Binding reactions were performed with 4 tg
of nuclear extract in the presence of increasing concentrations of
poly(dl-dC) as competitor DNAin a buffer containing 15 mMHepes
(pH 7.9), 1 mMEDTA, 40 mMKC1, 0.5 mMDTT, and 5%glycerol
(33). After 15 min of incubation at room temperature, 1-3 ng 32P-5'-
end-labeled probe DNAwas added, the reaction mixture was incu-
bated for an additional 30 min, and the reaction products were then
separated by electrophoresis through a nondenaturing 6% polyacryl-
amide gel in 0.5X TBE(lx TBE = 50 mMTris, 50 mMboric acid, and
1 mMEDTA). Gels were then dried and subjected to autoradiography
overnight at room temperature. In the absence of poly(dl-dC), the
end-labeled probe DNAremained at the top of the gel due to its interac-
tion with nonspecific DNA-binding proteins in the nuclear extracts.

To obtain probe DNAfor gel retardation assays, a clone containing
1.8 kb of 5' genomic sequence for the insulin receptor( 34) was digested
into five fragments with appropriate restriction endonucleases and
end-labeled them with [32PJdATP and [32P]dCTP using DNApoly-
merase I (35).

Footprinting assay. For the DNase I footprinting assay, 10 ng of
each fragment was labeled with 32P at the upstream 5 end and reacted
with 8 Mg of nuclear protein. Poly(dl-dC) was used to compete for
nonspecific binding. The reaction mix in a 25-eu volume was digested
with 2.5 Ml of DNase I ( 10 Mg/ml) at 22°C for 1 min in the presence of 5
mMMgCI2 and 2.5 mMCaC12. Digestions were terminated by adding
EDTAto a final concentration of 12 mMand placing the samples at
4°C. Products were then separated on a 6% polyacrylamide gel as de-
scribed above, and the wet gel was exposed to x-ray film for 2 h at 4°C.
The major shifted band and the band representing unbound probe
were located by autoradiography, excised from the gel, the labeled
DNAwas extracted as described by Maxam and Gilbert (36), and
separated on a 8% polyacrylamide-8 Murea sequencing gel.

Construction of insulin receptor-CA T expression vectors. To test for
functional activity, DNAfragments from the regulatory region of the
insulin receptor gene were inserted into the unique Pst 1 and Sal 1 sites
of the promoterless pCAT-Basic vector and cloned so that the recombi-
nant vectors contained the E3 or C2 sequences either in the sense or
antisense (as) orientation, both upstream from the bacterial chloram-
phenicol acetyltransferase (CAT) reporter gene. All plasmid constructs
(pCAT-C2, pCAT-E3, pCAT-C2as, and pCAT-E3as) were verified by
restriction enzyme mapping, transfected into HB101 bacterial cells,
grown in large scale culture, and purified by cesium-chloride density
gradient ultracentrifugation (35).

Transient expression studies. 16 h before transfection, HepG2 cells
were plated in 60-mm dishes at a density of 5 X I05 . Plasmid constructs
and pSV-f3-galactosidase control plasmid were then transfected into
HepG2 cells by the calcium phosphate precipitation method (37). 48 h
after transfection, cell extracts were prepared by three cycles of freez-
ing-thawing, heated to 65°C for 10 min to inactivate endogenous de-
acetylases, then assayed for CAT activity with 0.25 mCi
[ (4Cj chloramphenicol in a 125-Ml reaction (37). Quantitation of CAT
activity was done by either laser densitometric scanning of the autora-
diograms of TLC separation of CAT reaction products or by liquid
scintillation counting (LSC) of the two major acetylated forms of '4C-
labeled chloramphenicol. As internal control of transfection efficiency,
,B-galactosidase activity was measured (Promega technical bulletin).

Insulin receptor radioimmunoassay. The insulin receptor content
of nonmyogenic cell lines was measured by a specific radioimmunoas-
say as previously described (38). Cultured cells were solubilized with
50 mMHepes buffer containing 1% Triton X-100, 1 mMPMSFand
0.5 mg/ml bacitracin for 1 h at 4°C. Values were measured on a stan-
dard curve using a purified human placenta insulin receptor as a stan-
dard (38).

Results
Effects of differentiation on insulin receptor gene transcription.
When BC3H- I myoblasts differentiated into myocytes (after
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lowering the FBS concentration from 20 to 1%), there was an
increase in the transcription rate for the insulin receptor as
measured by run-on assays (Fig. 1). After 7 d of differentia-
tion, the insulin receptor gene transcription increased fivefold
as measured by laser densitometric scanning of the autoradio-
grams (Table I). Whencells were incubated in media with 1%
FBS plus 30 ng/ml FGF, insulin receptor gene transcription
was not inhibited but rather increased further (Fig. 1 and Table
I). As a control, the transcription rate of the mouse GAPDH
gene was measured. The transcription rate of the GAPDHgene
did not increase under the conditions studied.

Specific interaction of nuclear proteins from BC3H-1 cells
with the regulatory region ofthe insulin receptor gene. To iden-
tify possible binding sites for trans-acting factors within the
insulin receptor upstream region, a number of probes were
generated using a clone containing 1.8 kb of 5' genomic se-
quence for the insulin receptor (34). First, we digested the 1.8
kb genomic sequence into five fragments (A-E) by using the
enzymes Bgl2, Pstl, Xhol, Hind3, Sstl, and Ncol, and then
end-labeled them with 32P (Fig. 2). Next, nuclear extracts from
BC3H-I cells were incubated with each radiolabeled fragment
and tested for the presence of specific DNA-binding factors
using a gel retardation assay (27). In initial experiments using
undifferentiated and differentiated BC3H-I cells, in vitro bind-
ing activity was demonstrated in only two of the five DNA
fragments used, fragment C (-576/-874) and fragment E
(- 1304/- 1818) (Fig. 2), whereas no DNAbinding complexes
were observed with fragments A, B, and D (data not shown).
Further studies using smaller subfragments of fragments Cand
E localized the binding sites to two regions covering -674 to
-874 and - 1662 to - 1818 bp upstream of the insulin receptor
ATGcodon, designed C2 and E3, respectively (Fig. 2).

Detection of proteins that bind to the 156-bp subfragment
E3 of the insulin receptor gene. 4 Ag of nuclear protein derived
from BC3H-l cells were incubated with 32P-labeled subfiag-
ment E3 (-1662/-1818) of the insulin receptor gene in the
presence of 1 ;ig of poly(dl-dC) (which was used as competitor
DNAfor nonspecific DNA-binding proteins in the nuclear ex-
tracts). In BC3H-1 myoblasts, a relatively small amount of
DNAprotein was noted (Fig. 3 a and Table I). After 7 d of
differentiation, nuclear extracts from BC3H-I myocytes dem-
onstrated four- to fivefold enhanced DNA-binding activity as
evidenced by the presence of a retarded DNA-protein complex
(Fig. 3 a and Table I). Incubation of subfragment E3 probe
with nuclear extracts from BC3H-I cells treated with FGFwas

- _ Figure 1. Insulin recep-
tor gene transcription

- - ~ in BC3H-I muscle cells.
Nuclei were isolated
from cells grown in me-
dia supplemented with

D either continuous 20%
o FBS (myoblast), 1%

0 0° FBS for 7 d (myocyte),
Ad-< _ or 1%FBS for 7 d in

--I + the presence of 30 ng/
-' c ml FGF (BC3H-I

In + FGF), and nuclear
run-on assays were then

performed. As control, the transcription of the mouse GAPDHgene
was also measured. IR, insulin receptor.

Table L Comparison of Insulin Receptor Gene Transcription
and DNABinding Activity to Subfragments E3 and C2
in BC3H-] Cells

Gel retardation assay

Transcription assay E3 C2

Myoblasts 1.0±0.06 1.0±0.03 1.0±0.10
Myocytes 5.0±0.27 4.5±0.50 2.9±0.09
BC3H-l + FGF 9.3±0.50 8.0±0.90 4.8±0.10

Cells were grown in 20% FBS (myoblasts), and either transferred to
1%FBS for 7 d (myocytes) or transferred to 1%FBS plus 30 ng/ml
FGF for 7 d (BC3H-1 + FGF). Values represent arbitrary units as
measured by laser densitometry. Results are the mean±SEMfor three
separate experiments.

associated with a further increase in this function (Fig. 3 a and
Table I). The increase in DNAbinding by E3 paralleled the
increase in insulin receptor gene transcription.

Detection ofproteins that bind to the 200-bp subfragment
C2 of the insulin receptor gene. Wenext incubated nuclear
extracts from BC3H-1 cells with 32P-labeled subfiagment C2
(-674/-874). The results demonstrated that an insulin recep-
tor DNA-binding complex was also detectable within this re-
gion of the insulin receptor gene. Like the E3 DNA-protein
complex described above, it increased with differentiation of
myoblasts into myocytes and was further increased by FGF
treatment (Fig. 3 b and Table I). As with subfragment E3, the
increase in nuclear binding by C2 paralleled the increase in
insulin receptor gene transcription.

Specificity of DNA-protein binding. To determine specific-
ity of DNA-protein binding, competition assays were per-
formed. A 30-fold excess of either unlabeled subfragment E3 or
unlabeled subfragment C2 significantly reduced the binding of
labeled E3 and labeled C2 to the DNAbinding proteins, respec-
tively (Fig. 4). Moreover, 22-mer double stranded synthetic
oligonucleotides representing the consensus binding sites for
the nuclear proteins Spl, Apl, Ap2, Ap3, and NFl /CTF did
not compete for binding of nuclear proteins to subfragments
E3 and C2 even at 200-fold excess of competitor DNA(data
not shown).

Bgl2
-1818

v

Pstl Xhol Hkid3 Sail Ncol
-1304 -874 -576 -286 +1

V V V V V

Ava2 A
-674

FokI Kpnl B
-1662 -1417 C

V V D
E
El

| E2 X C1
*E3 *C2

Figure 2. Restriction endonuclease mapof the insulin receptor gene 5'
region showing fragments used in gel retardation assays. This portion
of the gene shown extends from base +1 (in the ATGcodon) of exon
1 to base -1818. Regions of the gene that were used as probes in this
study are indicated by A, B, C, D, E. Regions that demonstrated gel
retardation are indicated by solid bars. Sites of endonuclease cleavage
are shown. The smallest probes that interact with DNAbinding pro-
teins are preceded by an asterisk.

1290 A. Brunetti, D. Foti, and L D. Goldfine

IR

GAPDH



o n
z 6o W Figure 3. Gel retarda-
-I to 0 tion assays performed
o > -4 + with the 156-bp sub-
r- c) m n fragment E3 (a) and

-I C)
In 200-bp subfragment C2

(b) in nuclear extracts
of myoblasts, myocytes,
and BC3H-I cells
grown in medium con-
taining 1%FBS, in the
presence of 30 ng/ml
FGF(BC3H-1 + FGF).
4 ug of extracts were
incubated with E3 and
C2 probes in the pres-
ence of 1 jug poly(dl-
dC), and DNAprotein

o C M w complexeswere re-
° - ° solved on a nondena-z 0 0C

-4 W 0 : turing 6%polyacryl-
o > < + amide gel. Arrows show
r- mm n the position of the DNA-4 C)

,n protein complexes.

Analysis of sequence-specific DNAbinding proteins of the
insulin receptor gene. DNase I protection experiments of myo-
cyte nuclear extracts were performed to locate the binding site
of the nuclear BC3H-1 proteins within the 1 56-bp E3 and 200-
bp C2 subfragments. Wedigested the radiolabeled fragments
with DNase I in the presence of nuclear extracts and separated
the free from the bound probe on a nondenaturing polyacryl-
amide gel. Using the same lane of the gel, the DNAwas then
extracted from the bands containing the bound and the free
probes and analyzed on a sequencing gel. Significant protec-

m ND
LU u}

0
z

0

DNA-PROTEIN+

DNA-S _ RDNA--PR0TEIN

LABELED LABELED
E3 C2

Figure 4. Competition
for binding between nu-
clear proteins and insu-
lin receptor gene sub-
fragments. E3 subfrag-
ment (left) and C2
subfragment (right)
were labeled and used
as probes in gel retarda-
tion assays with 4 jg of
extracts from BC3H-1
myocytes under the
same conditions as in
Fig. 3. Sequence speci-
ficity of insulin receptor
DNAbinding proteins
was determined by us-
ing a 30-fold molar ex-
cess of unlabeled sub-
fragments E3 or C2 as
competitors.

tion from DNase I digestion was observed over a poly A se-
quence of the coding strand of the E3 subfragment between
positions -1775/-1784 and -1767/-1740 (Figs. 5 and 6).
The presence, however, of a large poly A region refractory to
DNase I cleavage did not allow us to unambiguously determine
the precise 3' boundary of the protein binding site.

DNase I footprinting using the coding strand of the C2
bound and free probe was also carried out (Fig. 5). Protection
from enzyme digestion was observed in the region of the pro-
tein binding site between nucleotides -782 and -800 (Figs. 5
and 6). Nuclear protein from myoblast extracts showed identi-
cal footprints over the two regions (data not shown).

Competition studies between E3 and C2DNAsubfragments
of the insulin receptor gene. Since footprinting analysis of the
E3 and C2 subfragments of the insulin receptor gene revealed
protection of AT-rich regions, competition experiments using
the synthetic polynucleotide poly(dA-dT) were carried out.
The binding of myocyte nuclear proteins to subfragment E3
was almost abolished when increasing amounts of poly(dA-
dT) were used in place of poly(dl-dC) (Fig. 7, a and b). Similar
results were obtained using the two polynucleotides with sub-
fragment C2 (data not shown). Moreover, unlabeled subfrag-
ment E3 competitively inhibited the binding of labeled C2 to
nuclear proteins (Fig. 8). In concert with this observation, un-
labeled subfragment C2 inhibited the binding of labeled sub-
fragment E3 to nuclear proteins (data not shown).

SUBFRAGMENT
E3

S
a
S
S
S

0
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LLI :
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SUBFRAGMENT
C2

0
W~ Z
w] 7CrrO

cc
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w ¢ -
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a 3-

# I
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Figure 5. Analysis of
DNAbinding sites
within the insulin re-
ceptor gene fragments
as revealed by prepara-
tive gel retardation as-
says with DNase I foot-
printing. BC3H-1 myo-
cyte nuclear extracts
were incubated with ei-
ther probe E3 or C2.
After DNase I treat-
ment, nondenaturing
gels were carried out.
DNAwas extracted
from the bands contain-
ing shifted and free
probes, and again sub-
jected to denaturing
gels. As markers, the E3
subfragment and the C2
subfragment were
cleaved by the Maxam
and Gilbert (CG)
method. The extent of
protection from DNase
I cleavage is shown by
the brackets. Closed cir-
cles indicate partial pro-
tection. Note that the
extent of the protected
region in subfragment
E3 cannot be deter-
mined precisely because
it overlaps a poly A
tract refractory to
DNase I cleavage.
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COMPETITOR:
(molar excess)

0 0 0
0 to '- Y-e

TCGAGTCACCAAAATAAACATITAATGCAGTATITTITAAAAAATCAACAGGAATCCTCCA
AAGCCCAGTAT AAAAAG TGGTAGAGAAAGGATCTGTGCCGCTGCGTCGGGC
CTGTGGGGCGCCTCCGGGGGTCTGAAACTGGAGGAGACTCGGGGCTGTAGGGCGCGCGGAT
CTGGGGCGCGCCCTCG

Figure 6. DNAsequences of subfragments E3 and C2, and a summary
of footprinting protection results. The regions protected by nuclear
proteins from DNase I cleavage are underlined.

Protein binding activity of subfragments E3 and C2 to nu-
clear extracts from other cell types. We next determined
whether the DNAnuclear binding proteins detected toward the
E3 and C2 subfragments of the regulatory region of the insulin
receptor gene were specific to muscle cells. Therefore, we ana-
lyzed nuclear extracts from other cell lines: mouse 3T3-L 1 cells
(32), HepG2 human hepatoma cells (39), IM-9 human lym-
phocytes (38), and HTCrat hepatoma cells (40). Mouse 3T3-
Ll cells (and related cell lines) can be induced to differentiate
from preadipocyte fibroblasts into adipocytes (41 ). Concomi-
tant with differentiation, insulin receptor mRNA(25) and in-
sulin receptor binding (42) markedly increase. Nuclear ex-
tracts from preadipocytes had relatively low binding to subfrag-
ments E3 and C2 (Fig. 9, a and b). After differentiation into
adipocytes, nuclear protein binding to DNAincreased mark-
edly (Fig. 9, a and b).

HepG2 and IM-9 cells, which have relatively high concen-
trations of insulin receptors (38, 39), had relatively high con-
centrations of DNAbinding proteins for both subfragments
(Table II). In contrast, HTCcells, which have relatively low
concentrations of insulin receptors (40), had relatively low

SUBFRAGMENTE3

o o o

.- . bn

Figure 7. Effect of the
polynucleotides
poly(dl-dC) and

^ _ poly(dA-dT) on gel re-
tardation assays with

, ,., BC3H-I myocyte ex-
° tracts using the 156-bp

° subfragment E3 as
probe. End-labeled E3

RAGMENTE3 probe was incubated
with 4 gg of nuclear ex-
tracts from BC3H-l
myocytes in the pres-
ence of increasing
amounts of poly(dl-dC)
(a) or poly(dA-dT) (b)
(0.1-20 Mg) and DNA
protein complexes were

g _ ^ resolved as in Fig. 3.
Arrows show the posi-
tion of the DNAprotein
complexes.

DNA-PROTEIN bw

DNA 1

Figure 8. Cross-compe-
tition analysis of E3 and
C2 DNAsubfragments.
End-labeled C2 probe
was incubated with 4 Ag
of nuclear extracts from
BC3H- I myocytes in
the presence of increas-
ing amounts of unla-
beled E3 DNAsubfrag-
ment.

concentrations of DNA binding proteins for both subfrag-
ments (Table II).

Functional analysis of subfragments E3 and C2 of the insu-
lin receptor gene. To investigate whether these two protein-
DNAbinding sites of the insulin receptor gene were important
for transcriptional activation, both subfragments E3 and C2
were ligated into the polylinker site of the promoterless pCAT-
Basic vector, upstream of the CATreporter gene, either in the
sense or antisense (as) orientation. These new vectors (pCAT-
C2, pCAT-C2as, pCAT-E3, and pCAT-E3as) were transiently
transfected into HepG2 cells, a cell line that readily expresses

a

DNA-PROTEIN -0 _
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Figure 9. Insulin recep-
tor DNAbinding to
3T3-L1 preadipocytes

b and adipocytes nuclear
proteins. The E3 sub-

DNA-PROTEIN k.At P fragment and the C2

DNA + subfiagment were 5'
DNA * ~~~~~~~~end-labeled, incubated

in the presence of 1 ug
o l a poly(dl-dC) with nu-
O D 0 clear extracts from 3T3-
Z m M LI preadipocytes and

0a adipocytes, and ana-

o U < lyzed by gel retardation
r g 4q assays. (a) E3 subfrag-

-< ment, (b) C2 subfiag-
m ment.
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Table II. Comparison of Insulin Receptor Concentration
and DNABinding Activity to Subfragments E3 and C2
in Other Cell Types

Gel retardation assay4

Insulin receptor content* E3 C2

ng/mg protein

HTC 9.7±4.2 1.0±0.1 1.0±0.1
IM-9 102.0±10.5 10.9±1.0 8.0±2.2
HepG2 130.0±7.5 15.0±1.5 12.2±1.1

* Radioimmunoassay. * Values represent arbitrary units as measured
by laser densitometry. Results are the mean±SEMfor three separate
experiments.

both insulin receptor DNA-binding proteins (Table II). Cell
extracts were prepared and CATactivity was assayed by either
the TLC separation of CATreaction products or by using the
more sensitive LSCmethod. The results ofthese studies demon-
strated that C2- and E3-containing vectors exhibited a four-
and eightfold increase in CAT expression, respectively (Fig.
10). In contrast, no CAT activity was observed in E3as- and
C2as-containing vectors when compared with the parent pro-
moterless pCAT-Basic vector (Fig. 10). Interestingly, in trans-
fected HTCcells, in which the abundance of both insulin re-
ceptor-DNA binding proteins is relatively low, CATactivity of
E3- and C2-containing vectors was significantly reduced, com-
pared with that of HepG2 cells (data not shown). In initial
experiments, each subfragment was inserted downstream of
the CAT gene, into a plasmid containing SV40 promoter se-

Figure 10. CAT activity
directed by subfrag-
ments E3 and C2. Re-

AP combinant plasmids
containing 5' flanking

40 40 DNAsequences of the
_ insulin receptor were

transfected into HepG2
cells. 48 h after trans-
fection, cell extracts

1 2 3 4 5 6 7 were preparedandCAT
activity was measured.

0 (Top) Autoradiogram
Z illustrating CAT activity

,,, 6 - associated with each
constructs after TLC

_- * separation. Lanes: 1, no
F 2 - - - DNA; 2, pCAT-Basic
0=° 2 - < * < vector without an insert;

3, pCAT-C2; 4, pCAT-
E3; 5, pCAT-C2as; 6,

0 pCAT-E3as; 7, pCAT-
M

N 0a fl ,Eo Promoter vector, a posi-
9 Y tive control having the

8 ' C0 simian virus 40 gene
promoter upstream of
the CAT. (Bottom)

CAT activity was assayed by LSC of the two major acetylated forms
of '4C-labeled chloramphenicol in the upper xylene phase. A repre-
sentative of three separate transfections is shown.

120 i Figure 11. Dose-depen-
100 ./. poly(dl-dC) dent inhibition of E3-

80* driven CAT activity by
,_ X \ > the synthetic poly(dA-U< 40 dT). 10 ug of pCAT-E3

20 a into HepG2 cells in the

o . , ... , DNA presence of increasing
0 0.1 I10 concentrations (0.1-10

Vg DNA Ag) of either poly(dA-
dT) or poly(dl-dC). 48 h after transfection, cell extracts were pre-
pared and CAT activity was quantified by LSC, as in Fig. 10. 100%
is the value in the absence of synthetic DNA. A representative of
three separate transfections is shown. Each point represents the mean
of triplicate values.

quences upstream of the CATcoding region (pCAT-Promoter
vector). Neither E3 nor C2 exhibited CAT activity (data not
shown).

Therefore, these results strongly indicate that these two se-
quences of the regulatory region of the insulin receptor gene
have functional activity and act as promoter elements driving
transcription of the CATreporter gene when transfected into
mammalian cells.

Inhibition of CATactivity by the synthetic polynucleotide
poly(dA-dT). Because of its ability to compete for binding of
myocyte nuclear proteins to E3 and C2 subfragments in vitro,
we next examined whether the synthetic polynucleotide
poly (dA-dT) could interfere with the transcriptional activity of
insulin receptor sequence-specific DNAbinding proteins in
vivo. Competition experiments were carried out by transfect-
ing the polynucleotide poly(dA-dT) into HepG2 cells in the
presence of either pCAT-C2 or pCAT-E3 vectors. A similar
approach has been successfully used to inhibit the expression of
endogenous interleukin 2 gene in mammalian cells (43). Fig.
11 shows a dose-dependent inhibition of E3-driven CATactiv-
ity by the synthetic polynucleotide. Poly(dA-dT) at 200 pM
caused > 80% decrease in this function. Higher concentrations
of poly(dA-dT) had no further effects. In contrast, when
poly(dl-dC) was used in place of poly(dA-dT), a small nonspe-
cific reduction in E3-dependent CAT activity was observed
(Fig. 11 ). Similar results were obtained using both polynucleo-
tides with the pCAT-C2 vector (data not shown).

Discussion

The insulin receptor is present in many cells, but its expression
is variable due to tissue-specific factors, hormones, and differ-
entiation (2-5, 16, 17). In this study, we employed BC3H- 1
muscle cells in which differentiation induces a marked increase
in insulin receptor gene transcription ( 13, 20). Weused gel
retardation assays to detect two discrete regions of the insulin
receptor gene that specifically interact with nuclear binding
proteins. Binding of nuclear extracts to both regions markedly
increased with differentiation. This increase paralleled the in-
crease in insulin receptor gene transcription. Moreover, FGF
increased the amount of these proteins. Since FGFblocks the
differentiation-induced increase of muscle-specific proteins
( 13, 20), these data indicated, therefore, that these nuclear
binding proteins for the insulin receptor gene are regulated by a
different mechanism than that which regulates muscle specific
proteins.
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Wealso studied several non-muscle cell lines. In 3T3-L 1
cells, differentiation from preadipocytes to adipocytes was as-
sociated with the appearance of the two nuclear binding pro-
teins. In HepG2 hepatocytes and IM-9 lymphocytes, two cell
lines with relatively high insulin receptor expression, the same
two insulin receptor DNAbinding proteins were readily de-
tected. In contrast, in HTCrat hepatoma cells, a cell line with
relatively low insulin receptor expression, these two proteins
were not readily detected. These data indicate, therefore, that
these nuclear binding proteins for the insulin receptor gene are
not specific to muscle cells, and in other tissues they appear to
correlate with insulin receptor content.

DNase I protection analysis revealed that the myocyte nu-
clear factors obtained from BC3H-1 cells protected two AT-
rich sequences of subfragments E3 and C2. In both subfrag-
ments, increasing amounts of poly(dA-dT) resulted in a con-
comitant decrease in in vitro nuclear protein binding to DNA,
suggesting that these two sequences of the insulin receptor gene
maybind to the same nuclear protein. Unlabeled subfragments
E3 and C2 also cross-competed for nuclear binding. These two
sequences, therefore, may represent binding sites for the same
nuclear protein, or, alternatively, they may represent binding
sites for two members of a family of transcription factors that
have evolved to recognize distinct but related sequences.

Functional analysis with the CAT reporter gene demon-
strated that both E3 and C2 sequences of the regulatory region
of the insulin receptor gene had a significant ability to drive
transcription in intact cells. The fact that this activity was to-
tally dependent upon the orientation of E3 and C2 strongly
suggests that these sequences act as promoter elements. The
ability of E3 and C2 to drive transcription in intact cells was
almost completely abolished by preventing the binding of nu-
clear proteins to DNA using the synthetic polynucleotide
poly(dA-dT).

DNAbinding protein interactions with poly(dA-dT) tracts
of promoters has not been previously reported in mammalian
genes. However, -oligo(dA)-oligo(dT) tracts have been de-
scribed in yeast DNAand act as promoter elements (44-46).
For at least three different yeast genes, naturally occurring
stretches of poly(dA-dT) are located upstream of coding se-
quences (44, 45 ). Deletion of these sequences markedly dimin-
ishes transcription, whereas increasing the length of these se-
quences enhances their activity (44, 45). Moreover, it has been
shown that properly phased A-tract sequences increase the rate
of transcription initiation at the Escherichia coli lac promoter
(47). It has been proposed that these transcriptional effects
may be due to exclusion of nucleosomes from poly(dA-dT)
regions. The present finding, that the insulin receptor has
poly(dA-dT) tracts that interact with DNA-binding proteins, is
the first report therefore of regulatory functions for this type of
DNAin higher eucaryotes. It should be pointed out that nu-
clear binding to poly(dA-dT) tracts is relatively specific since
fragment D also has such a tract, but DNAbinding activity
within this fragment could not be detected.

The insulin receptor is a member of a supergene family that
includes the closely related IGF-I receptor and the more dis-
tantly related EGFreceptor (48). The IGF-I receptor promoter
region has several poly(dA-dT) stretches, but their role in tran-
scriptional control remains to be defined. The EGF receptor
does not have similar poly(dA-dT) stretches. For the EGFre-
ceptor, transcription appears to be regulated by Spl and recep-
tor specific factors (49, 50).

In light of these results, our studies of two subfragments of
the insulin receptor gene that show DNAbinding (-674/ -874
and - 1662/ -1818 upstream of the insulin receptor ATGco-
don) are in general agreement with in vitro functional studies,
whereby the influence of promoter subfragments was studied
on the activity of a reporter gene such as CAT. Although pro-
moter activity was contained in the first 579 bp of the insulin
receptor 5' flanking region (21-25), other reports suggested
that the full-length promoter region is needed for maximal ac-
tivity (24).

In summary, we have identified two DNAbinding proteins
that are associated with cells that express insulin receptors.
These binding proteins interact with unique poly(dA-dT)
stretches that are functionally active. These observations raise
the possibility therefore that insulin receptor expression in tar-
get tissues is regulated at least in part by these nuclear binding
proteins.
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