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Abstract

The control of gene transcription is usually mediated by trans-
acting transcriptional factors that bind to upstream regulatory
elements. As insulin regulates transcription of the growth hor-
mone (GH) gene, we tested nuclear extracts from unstimulated
and insulin-stimulated Chinese hamster ovarian (CHO) cells
for binding to four human GH (hGH) gene promoter oligonu-
cleotide fragments identified as target-binding sequences by
DNAse I footprinting. Using a mobility shift assay, an insulin-
induced DNA-binding protein was identified. This protein
binds to two upstream overlapping oligonucleotide sequences.
Binding activity is present at low levels in unstimulated CHO
cells and is stimulated by insulin treatment with a time course
suggesting that protein synthesis is required. Incubation of the
cells with cycloheximide and puromycin confirmed that de
novo protein synthesis is necessary for the increased binding
activity. Competition with excess unlabeled specific competitor
oligonucleotides prevented binding, while unrelated similar-
sized oligonucleotides failed to compete for binding, indicating
that the observed DNA-protein complex formation is specific.
A protein of ~ 70-80 kD was detected by gradient gel electro-
phoresis. In conclusion, insulin-mediated DNA-protein binding
has been identified on the upstream hGH promoter, suggesting
a trans-active role for insulin in mediating polypeptide hor-
mone gene expression. (J. Clin. Invest. 1990. 85:1680-1685.)
transcription factor « mobility shift assay « polypeptide gene

Introduction

Multiple, sequence-specific DNA-protein interactions occur in
distinct regulatory regions of genes, the results of which deter-
mine the degree of transcriptional activation (1). Purification
of these trans-acting factors has allowed biochemical charac-
terization as well as promoter-selective transcription (2-4). In-
sulin influences the transcriptional rate of several cellular
genes (5-10). Although insulin-responsive, consensus DNA
sequence(s) have not yet been identified, a nuclear protein that
binds to the insulin-stimulated c-fos gene has been described
(11). Deletional analysis has been used to localize minimal
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sequences required for inducible regulation. Insulin-respon-
sive elements have been described for the rat phosphoenolpy-
ruvate carboxykinase gene (PEPCK)' (12), human glyceralde-
hyde-3-phosphate dehydrogenase gene (13), and mouse amy-
lase genes (6). We recently reported that the 5’ flanking region
of the human growth hormone (hGH) gene contains an insu-
lin-responsive element (14), in addition to previously docu-
mented tissue-specific sequences (15). We postulated that an
IRE would interact with ubiquitous trans-active nuclear pro-
teins. The hGH gene therefore serves as a useful model to
analyze insulin-mediated transcriptional control mechanisms.
The ovary contains abundant insulin receptors (16), and insu-
lin has been shown to regulate the expression of several genes
in both normal ovarian tissue (17) and in Chinese hamster
ovary (CHO) cell lines (18). As CHO cells are a homogenous
cell line containing large numbers of insulin receptors (19),
they were used as a relatively abundant source of nuclear pro-
tein for these experiments. These CHO nuclear extracts were
tested for insulin-responsive proteins binding to the hGH gene
5’ flanking region. The results show that this cell type contains
nuclear binding activity detectable by mobility shift assay that
binds in a sequence-specific manner to the hGH promoter.
This trans-acting protein is responsive to insulin treatment.

Methods

Protein extracts. CHO cells were grown to confluence on 225-cm?
plates in Ham’s F12 medium in the presence of 10% (vol/vol) fetal calf
serum (Gibco Laboratories, Grand Island, NY), penicillin (100 U/ml),
and streptomycin (100 ug/ml). For insulin treatment, the medium was
replaced with Ham’s F12 containing 1% BSA. Insulin (Humulin R)
was obtained from Eli Lily and Co. (Indianapolis, IN). 14 nM insulin
was added to the incubations for 2-16 h. Nuclear extracts were pre-
pared by a modification of the method of Dignam et al. (20). Briefly,
cells were washed with cold PBS and scraped into 5 ml PBS. After
centrifugation (500 g for 5 min) cells were resuspended in hypotonic
buffer (10 mM Tris [pH 7.9], 1.5 mM MgCl,, 10 mM KCl, 0.5 mM
DTT) and kept on ice for 10 min. Cells were then homogenized with a
glass douncer (type B) and the nuclei sedimented by centrifugation
(1,000 g for 5 min). Nuclei were resuspended in 20 mM Tris (pH 7.9),
20% glycerol, 1.5 mM MgCl,, 0.5 mM DTT, and 4 M KCl to a final
concentration of 0.3 M KCl. After mixing for 30 min at 4°C the
suspension was centrifuged (13,000 g for 15 min) and dialyzed against
20 mM Tris (pH 7.9), 20% glycerol, 0.1 M KCl, 0.2 mM EDTA, and
0.5 mM DTT. The dialysate was then centrifuged (13,000 g for 15
min), aliquotted, and stored at —70°C. Effective cell lysis was con-
firmed by microscopy. All extracts were prepared in the presence of 10
mM sodium molybdate. Cycloheximide and puromycin were pur--

1. Abbreviations used in this paper: CHO, Chinese hamster ovary;
hGH, human growth hormone; PEPCK, phosphoenolpyruvate car-
boxykinase.



chased from Sigma Chemical Co. (St. Louis, MO). Protein concentra-
tion was determined by the method of Bradford (21).

DNA fragments and oligonucleotides. The sequences used in the
binding assays are depicted in Fig. 1. Complementary oligonucleotide
sequences synthesized at the UCLA Molecular Biology Institute (core
facility) were annealed. The sequences contained 5’ protruding ends to
facilitate labeling with klenow polymerase and deoxyribonucleoside
triphosphates. Labeled double-stranded oligonucleotides were purified
by polyacrylamide gel electrophoresis and elution of DNA fragments,
followed by ethanol precipitation.

Gel shift assays. Binding reactions were performed with 3-5 ng
DNA, 1-4 ug poly (dI-dC), and the indicated amounts of protein
extract in a buffer containing 10 mM Tris-HCI (pH 7.5), 50 mM NacCl,
5 mM MgCl,, | mM EDTA, 50 mM KCl, 1 mM DTT, and 5% glycerol
(22). Reaction mix was incubated at room temperature for 15 min then
loaded onto 4-6% polyacrylamide gels and electrophoresed at 10 V/cm
for 90 min in 0.5X TBE (1X TBE = 50 mM Tris, 50 mM boric acid,
and 1 mM EDTA) at 4°C. The gels were dried and autoradiographed.
Competitor DNA (100-fold molar excess) was added 10 min before
labeled DNA and the incubation continued for a further 15 min before
gel loading. For some experiments 3-25% polyacrylamide gradient gels
were prepared (23). Samples from a typical binding reaction were then
electrophoresed at 10 V/cm at 4°C together with prestained high mo-
lecular weight markers (Bethesda Research Laboratories, Gaithers-
burg, MD) until no further migration was observed. 1X TBE buffer
was used. Gels were then processed as described.

Resulits

An insulin-inducible DNA-binding protein binds to an up-
stream sequence. The mechanism of insulin effects on the
hGH promoter was examined using the synthesized oligonu-
cleotide fragments depicted in Fig. 1. Footprinting experi-
ments on the 5 hGH have indicated that sequences
—290/—264, —273/-252, —140/—100, and —93/—66 are pro-
tected (15) and correspond to oligonucleotides A, B, and D
depicted in Fig. 1. Nuclear extracts from unstimulated and
insulin-stimulated CHO cells were assayed for binding to the
four oligonucleotide fragments. Equal amounts of both un-
stimulated and stimulated extracts were incubated with each
radiolabeled oligonucleotide probe and tested for binding ac-
tivity in mobility shift assays. Specific binding was only dem-
onstrated using two of the oligonucleotide fragments, A and B
(Fig. 2). Binding activity of nuclear extracts derived from con-
trol CHO cells was barely detectable. In contrast, CHO nuclear
extracts derived from cells treated with 14 nM insulin demon-
strated an enhanced DNA-binding activity as evidenced by a
retarded DNA-protein complex, B3, depicted in Fig. 2. The
larger complexes were not appreciably altered by insulin treat-
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ment. Boiling the extracts before their inclusion in the assay
abolished DNA-protein complex formation. The results indi-
cate the presence of an insulin-inducible DNA-binding protein
that binds to two upstream overlapping oligonucleotide se-
quences, —290/—264 and —273/—252. Incubation of CHO
nuclear extract with oligonucleotides C and D failed to show
specific DNA-protein binding (data not shown).

To demonstrate the specificity of the observed nuclear
protein binding to these DNA regions, competition reactions
were performed after a 10-min preincubation with excess un-
labeled competitor oligonucleotide fragments (Fig. 2,
—290/264+A,B and —273/252+A,B). Both unlabeled oligo-
nucleotides A and B prevented the formation of the indicated
retarded complex when incubated with nuclear extract and
radiolabeled oligonucleotide fragments A and B. This respec-
tive cross-competition of unlabeled oligonucleotide A for
binding to oligonucleotide B and vice versa implies that the
protein recognizes the same sequence. Unlabeled, unrelated
oligonucleotides did not prevent binding (data not shown),
indicating that the binding is specific for oligonucleotides A
and B.

Kinetics of insulin-induced protein binding in CHO extract.
CHO cells were incubated in serum-free medium with or
without insulin (14 nM) for the indicated time periods (Fig. 3).
The arrow indicates the enhanced binding of the insulin-in-
duced protein to the —290/—264 oligonucleotide after 8 h
treatment, with no further increase after 16 h. In the absence of
insulin treatment, negligible binding was observed. The ob-
served kinetics of the insulin-induced binding activity may
reflect new protein synthesis. To test for this requirement, cells
were incubated with protein synthesis inhibitors, either cyclo-
heximide (10 uM) or puromycin (100 mM), for 16 h before
harvest. Cycloheximide treatment diminished the observed
DNA binding in both control and insulin-treated groups. Cells
were then incubated with 100 mM puromycin for 16 h. Puro-
mycin treatment also blocked DNA-protein complex forma-
tion, confirming that the appearance of this binding activity
requires protein synthesis (Fig. 4). Neither puromycin nor cy-
cloheximide appeared to alter the nonspecific larger protein-
DNA complexes, indicating a selective effect of these agents on
the insulin-regulated protein-DNA complex.

The insulin-induced DNA-binding protein. To characterize
the relative size of the insulin-induced DNA-binding protein,
UV-protein cross-linking studies were performed in vitro. Ex-
tracts incubated with oligonucleotide probes A and B were
electrophoresed in low melting agarose gels and irradiated at
305 nM for 30 min at 4°C. After autoradiography the specific
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Figure 2. Insulin treatment of CHO cells induces a nuclear protein-DNA complex: localization of binding sites between —290 and —252. I_.ane
1, —290/—264 probe alone; lanes 2 and 4, —290/—264 probe, 5 ug CHO extract, 4 ug poly (dI-dC); lanes 3 and 5, —290/—264 probe, 5 ug insu-
lin-treated (14 nM) CHO extract, 4 ug poly (dI-dC); lane 6, —273/—252 probe alone; lanes 7 and 9, —273/—252 probe, S5ug CHO extract, 4 ug
poly (dI-dC); lanes 8 and 10, —273/—252 probe, 5 ug insulin-treated CHO extract (14 nM), 4 ug poly (dI-dC). The —290/—264 and —273/—252
probes were incubated with 5 ug of CHO nuclear extract that had been boiled at 95°C for 5 min, followed by 5 min on ice. 3?P-labeled o
—290/—264 and —273/—252 (1 ng), 5 ug insulin-treated CHO nuclear extract, and 4 ug poly (dI-dC) were incubated with 100-fold excess indi-
cated competitor oligonucleotides (A and B, see Fig. 1). Arrows and B3 indicate bound complex. F, free DNA. B3 indicates insulin-induced

bound complex.

DNA-protein complexes of interest were excised and electro-
phoresed on a 12% SDS-polyacrylamide gel. As two bands of
50 and 70 kD were identified in the gels of the insulin-treated
extracts, the possibility of an adjacent protein being cross-
linked could not be excluded. Therefore, to further confirm
the size of the DNA-binding protein, the mobility shift assay
was performed using a 3-25% gradient gel (23) with protein
markers (Fig. 5). The gradient allows DNA-protein complexes
to migrate at their true molecular weights, which can be com-
pared with the prestained markers. The insulin-induced DNA
binding protein appeared to migrate with a different molecular
weight depending on which oligonucleotide probe was used.
Mobility shift assays allow resolution of complexes formed by
different proteins recognizing an identical sequence as long as
the proteins differ significantly in their molecular mass and
charges, thus allowing altered electrophoresis. Alternatively,
two different proteins recognizing two different sequences
within the same probe may generate an identical complex.
Competition studies indicate that the protein(s) recognize the
same DNA sequence, and the presence of two proteins cannot
be excluded. Also, the relative contribution of oligonucleotide
size (21 vs. 26 bp) to the complex formation needs to be con-
sidered in interpreting the relative protein size.

Discussion

Although insulin has been shown to directly regulate the ex-
pression of several genes at the transcriptional level, no single
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insulin-responsive DNA sequence has yet been identified.
Transfection studies using an hGH promoter chloramphenicol
acetyl transferase reporter construct were used to localize in-
sulin-responsive element(s) within 500 bp of the GH promoter
(14). In addition, DNAse I footprinting of the hGH promoter
revealed three major protected regions (15). The proximal two
protected sites bind the tissue-specific trans-acting factor, Pit I
(GHF-I) (3). The third, distal site is protected by ubiquitous
factors thought to be involved in cAMP and protein kinase C
signal transduction (2). Using a mobility shift assay we identi-
fied an insulin-induced DNA-protein complex binding to the
—290/—252 region of the GH promoter, which corresponds to
the distal footprinted site on the hGH promoter. Incubation of
the protein extract with excess cold specific oligonucleotide
sequences abolished binding, whereas similar-sized unrelated
sequences did not compete for binding, confirming the speci-
ficity of the observed complex formation. Boiling the extract
before its inclusion in the reactions prevented DNA-protein
complex formation, suggesting that these nuclear factors are
proteins. Novel DNA-protein interactions were detected by
electrophoresis in the presence of high ionic strength buffer.
The observed insulin-induced binding activity could repre-
sent a nonbinding or low affinity form of the factor that un-
dergoes insulin-mediated modification to generate a high af-
finity form of the protein or, alternatively, insulin could stimu-
late new protein synthesis. Kinetic analysis indicated that
formation of the insulin-induced complex required 8 h, and
that this complex is still present after 16 h of insulin treatment.



Figure 3. Kinetic analysis of insulin-induced DNA-protein complex
formation. CHO cells were grown to confluence in Ham’s F12+10%
(vol/vol) fetal calf serum and then deinduced in Ham’s F12 and 1%
BSA. 14 nM insulin was added for the indicated time periods, and
each time point had a matching untreated control (left). 3?P-labeled
—290/—264 oligonucleotide was incubated with 5 ug insulin-treated
CHO nuclear extract (time course as indicated), and 4 ug poly (dI-
dC). Arrow, Insulin-induced bound complex; F, free DNA. Lane C,
32p_labeled —290/—264 probe alone.

This relatively long lag period suggests that de novo protein
synthesis is required. To confirm this requirement for new
protein synthesis, cells were incubated with cycloheximide and
puromycin, two different protein synthesis inhibitors, for 16 h
before harvest. Both treatments, respectively, diminished the
binding of the complex in control and insulin-treated cells,
suggesting the presence of a labile protein. As many transcrip-
tion factors are phosphoproteins (24), this insulin-mediated
DNA-protein complex may be regulated by a posttranslational
phosphorylation modification.

The rat PEPCK gene, murine c-fos gene, and murine amy-
lase-2.2 gene contain insulin-responsive promoters (6, 11, 12).
Insulin dependence of an amylase gene in diabetic transgenic
mice was analyzed, and insulin-responsive sequences were re-
ported in the 5’ region of this gene (6). Two insulin-sensitive
DNA-binding proteins have been identified on the human
glyceraldehyde-3-phosphate dehydrogenase gene. The up-
stream binding site interacts with an insulin-sensitive DNA-
binding protein in 3T3 adipocytes. This sequence is suppos-
edly present in a number of insulin-sensitive genes. The
downstream element interacts with a trans-acting factor that is
induced fourfold by insulin in 3T3 adipocytes (13). Alignment
of the promoter regions of these three genes and the hGH gene
reveals homologous regions as indicated in Table 1. Nuclear
proteins extracted from a variety of cell types contained bind-
ing factors detectable by mobility shift assay that bound in a
sequence-specific manner to the hGH promoter. Although the
DNA-binding protein is not tissue specific, its quantitative
regulation by insulin appears to be cell specific.

-273/-252 -290/-264
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Figure 4. Effect of puromycin on insulin-induced nuclear protein-
DNA complex binding to the —290/—264 and —273/—252 se-
quences. CHO cells were incubated with 100 mM puromycin for 16
h before harvest. All lanes contain 5 ug of nuclear extract and 4 ug
poly (dI-dC). Lanes /-4 were incubated with the —273/—252 probe.
Lanes 5-8 were incubated with the —290/—264 probe. Lanes / and
5, probe, poly (dI-dC), CHO extract; lanes 2 and 6, probe, poly (dI-
dQC), insulin (14 nM)-treated nuclear extract; lanes 3 and 7, probe,
poly (dI-dC), puromycin-treated extract; lanes 4 and 8, probe, poly
(dI-dC), puromycin, and insulin-treated extract. Arrows, Insulin-in-
duced DNA-protein complex.

DNA-protein complex migration is determined by pH, salt
concentration, complex conformation, and the molecular
mass of the proteins. The differences in complex size observed
with the gradient gel and oligonucleotides A and B may be
indicative of two different proteins recognizing an identical
sequence. However, the DNA-binding competition experi-
ments suggest that the protein is recognizing the identical se-
quence.

The hGH gene was reported to contain sequences interact-
ing with two DNA-binding factors (—308/—235) mediating

Table I. Sequence Homology in the Promoter Region of Four
Insulin-responsive Genes

Gene 5 Sequence 3 Match Strand
GH —-287 ATGGCCTGCGG -277 Coding
c-fos —296 ATGTCCTAATA -306 6/11 Noncoding
PEPCK -202 GAGGCCTCAGG —-88 7/11 Noncoding
PEPCK —-78 GAGGCCTCAGG -202 7/11 Noncoding
Amy-2.2 —-223 ATGGCCTCAGA -223 8/11 Coding ‘
Amy-2.2 —185 ATGGCCTCAGA -175 8/11 Coding

Depicted sequences (14, 11, 12, 6) were aligned with the 11 base
pairs of the hGH promoter region (—287/—277).

Insulin-induced DNA-binding Protein ~ 1683
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Figure 5. Nuclear protein sizing by gradient gel electrophoresis. After
incubation with the indicated oligonucleotide probes, DNA-protein
complexes were separated on 3-25% gradient polyacrylamide gels to-
gether with prestained high molecular weight protein standards.
Lanes /-4 were incubated with the —273/—252 probe. Lanes 5-8
were incubated with the —290/—264 probe. All lanes contain 5 ug of
CHO extract and 4 ug poly (dI-dC). Lanes 1, 2, 5, and 7, probe, poly
(dI-dC), and CHO nuclear extract. Lanes 3, 4, 6, and 8, probe, poly
(dI-dC), insulin (14 nM)-treated nuclear extract. Arrows, Insulin-reg-
ulated protein, molecular mass 70-80 kD. Protein sizes (kD) are in-
dicated on the left.

positive and negative transcriptional control (25). One of these
factors binding between —275/—257 was reported to be related
to major late transcription factor, the upstream stimulatory
factor that activates adenovirus major late promoter tran-
scription. The other factor detected with the —308/—235 frag-
ment acted as a dominant repressor of gene expression. Al-
though the relationship between these factors and the insulin-
induced DNA-binding protein is presently unclear, insulin
does suppress the GH promoter even though it induces this
DNA-binding factor. Therefore, this ¢trans-acting factor could
be acting as a repressor of transcription.

DNA-binding transcription factors have distinct binding
and transcriptional activation domains (26). It should there-
fore be possible to test the functional significance of this insu-
lin-mediated DNA-binding activity to these elements of the
hGH gene promoter.
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