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Abstract

In ongoing studies aimed at elucidating the mechanism of insulin action on the expression of genes that modulate
glucose utilization and cell growth, we have focused on the inductive effect of insulin on transcription of glycer-

aldehyde-3-phosphate dehydrogenase (GAPDH) and the early growth response gene, Egr-1. Insulin acutely_stim-

ulates the-expression of Both genes in 3T3 adipocytes; however, in primary adipocytes, chronic insulin exposure has
opposing effects on the expression of these genes. GAPDH mRNA is decreased in the epididymal fat cells of diabetic
animals and is increased over control levels when insulin is replaced, while Egr-1 mBENA levels are increased in
diabetic animals. These observations, coupled with the finding that insulin-stimulated Egr-1 gene transcription is
impaired in a Chinese hamster ovarian (CHO) cell line that displays normal metabolic responses but impaired ability
to regulate DNA synthesis, support the conclusion that insulin regulation of Egr-1, a growth response gene, and
GAPDH, a metabolic response gene, are mediated by distinct pathways. We present evidence that supports the role
of protein phosphorylation in mediating the effect of insulin on activation of Egr-1 and GAPDH gene transcription.
(Mol Cell Biochem 109: 99-105, 1992)
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Introduction

Insulin induces glyceraldehyde-3-phosphate dehydro-
genase, GAPDH, mRNA levels 8-fold in cultured 3T3-

the growth effect of insulin is intact in all three cell
Lypes.

L1 adipocytes and 10-fold in fat or liver tissue isolated
from rats fasted then refed a high-carbohydrate, low-fat
diet overnight [1]. In contrast, expression of the
GAPDH gene is not regulated in preadipocytes [2].
Insulin markedly stimulates expression of the early
growth response gene, Egr-1, in fibroblasts, epithelial
cells, and H35 hepatoma cells [3], which suggests that
the signal transduction pathway involved in mediating

In primary adipocytes, we show that GAFPDH
mRNA levels are markedly decreased in streptozoto-
cin-treated diabetic animals and induced above basal
levels upon replacement of insulin. In contrast, Egr-1
gene expression is induced during the induction of dia-
betes and is decreased below control values with chron-
ic insulin therapy. This result supports the conclusion
that insulin is not the predominant factor regulating
expression of this gene in vive,
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using a randomly primed Egr-1 cDNA probe [3] and a
GAPDH-cDNA [2]. The autoradiographs were sub-
jected to densitometry.

This observation raised the question whether the ef-
fect of insulin on the transcription of Egr-1 and metabo-
lic genes is mediated via distinct pathways. This hy-
pothesis was supported by the fact that Chinese hamster
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ovarian (CHO) cells which express an insulin receptor i

mutant capable of stimulating glycogen synthesis, a me-
tabolic event, but not DNA synthesis [4], a growth-
related event, also showed impaired insulin-stimulated
Egr-1 gene transcription. Mutations in the juxtamem-
brane region of the receptor that impair tyrosine kinase
activity and intracellular signalling, as measured by
phosphorylation of pp 185 [5], also inhibit Egr-1 gene
transcription. This result suggests that the ability of
insulin to stimulate Egr-1 gene transcription is linked to
its ability to stimulate protein phosphorylation.

The role of phosphorylation in mediating the effect of
insulin on the GAPDH gene could not be studied in
CHO cells because insulin regulation of GAPDH gene
expression is limited to lipogenic tissues. A detailed
description of the mechanism of insulin action on gene
transcription will require that the trans-acting factors
that regulate gene expression be defined, character-
ized, and cloned. Towards this end, we have identified a
cis-acting sequence, IRE-A, in the upstream region of
the GAPDH gene that confers insulin-responsive gene
transcription to marker genes. Binding of a trans-acting
factor, IRP-A, to this motif is enhanced by insulin.
Insulin is known to regulate the activity of its target
enzymes by promoting phosph-dephospho interconver-
sions. For the most part, insulin has been shown to
regulate the activity of metabolic enzymes by promot-
ing a net decrease in phosphorylation; glycogen syn-
thase is an example. We posed the question whether
IRP-A binding activity would be enhanced by phospha-
tase treatment. We found that DNA binding was un-
detectable when the protein was dephosphorylated.
This result suggests that acute regulation of IRP-A ac-
tivity may be mediated by a net increase in protein
phosphorylation.

Methods
Isolation of epididvmal fat cell RNA

Fat cells were isolated as previously described [6] and
total RNA extracted using the guanidium isothiocyante
method [6]. Total RNA was matched by optical density
and ethidium staining and subjected to Northern analy-
sis. Northern analysis of cellular RNA was performed

Muiant recepior lines

Stable lines of CHO cells transfected with i) normal
human insulin receptors (HIR.), ii) mutant HIR, or iii)
the neomycin-resistance gene alone were grown to con-
fluence in Ham’s F12 medium supplemented with 10%
fetal bovine serum, glutamine (2mM), and G418
{400 wg/ml). The cells were incubated in serum-free
Ham's F12 medium containing 10 mM Hepes and 0.1%
crystalline bovine serum albumin overnight then stim-
ulated with 15% FBS or 10 nM insulin for 30 min. Total
RNA was isolated as previously described [2] and
matched by optical density and ethidium bromide stain-

Ing.

Isolation of nuclear extracts

3T3 adipocytes were grown to confluence and differ-
entiated as previously described [2]. Nuclear extracts
were isolated from differentiated 3T3-L1 cells exposed
to insulin for 1h (I) using a modification of the proce-
dure of Dignam et al. [1].

-

UV cross-linking

Body-labelled bromouridinated IRE-A was prepared
for UV cross-linking experiments as previously de-
scribed [7]. A specific primer was used to synthesize the
IRE-A [1] binding motif in the presence of 50 uM
dCTP, dGTP, 5-bromo-2'-deoxyuridine triphosphate,
and 5 uM [a”P]-dATP. Nuclear extract (10 ug) was in-
cubated with 1ng of body-labelled probe in a buffer
containing 20% glycerol (V/V), 150 mM NaCl, 5mM
MgClL, 0.2mM EDTA, 0.5mM DTT, 20mM Hepes
(pH 8.0} in a total volume of 20 ul. The mixture was
incubated at (° C for 90 min then irradiated with a Foto-
dyne UV lamp (maximum emission wave length
310nm) for 15min. At the end of the incubation, the
mixture was brought up to 10mM CaCl, and the DNA
was digested for 30 min at 37°C with 1 ug of DNAse [
The mixture was subjected to electrophoresis on a
12.5% SDS polyacrylamide gel. The gel was dried and
subjected to autoradiography.
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Phosphatase treatment of nuclear extracts

Nuclear extracts isolated from insulin-treated 3T3 adi-
pocytes were treated with active or heat-killed, aga-
rose-bound bacterial alkaline phosphatase for 10 min at
room temperature. The reaction mixture contained 2
units (0.4 mg) of alkaline phosphatase in a buffer con-
taining 20% glycerol (V/V), 150mM NaCl, SmM
MgCl,, 0.2mM EDTA, 0.5mM DTT, 1 mM ZnCl,, and
20mM Hepes (pH 8.0) in a total volume of 18 uL.
Control incubations were performed in two ways: (1)
alkaline phosphatase was added to the control tubes
and immediately spun out from the incubation mixture
or (2) parallel incubations were performed with phos-
phatase that had been heat-killed by boiling for 10 min
at 100° C. After phosphatase treatment was complete,
DNA binding activity was measured using the South-
western assay described below.

Southwestern analysis -

[nsulin-treated 3T3 adipocyte nuclear extracts were
subjected to electrophoresis on a 9%-5DS polyacryla-
mide gel. Proteins were electrophoretically transferred
to nitrocellulose paper in 25 mM Trizma base/190 mM
glycine. The nitrocellulose strips were blocked with 5%
{wivol) non-fat dry milk (Blotto), 30mM Hepes (pH
7.2). Proteins bound to the filters were denatured with
7M guanidine-HCl in S0 mM Tris HCI (pH 8.3), 5S0mM
DTT, 2mM EDTA, 0.25% non-fat dry milk for 1h at
25°C and then allowed to renature in S0mM Tris HCl
(pH 7.5), 100mM NaCl, 2mM DTT, 2mM EDTA,
0.1% Nonidet P-40, and 0.25% skim milk [8]. The filter
was exposed to a binding buffer that contained 1 pg/ml
dI-dC, 25mM NaCl, 5mM MgCl, 0.5mM DTT,
25mM Hepes (pH 7.5), and 1 % 10%cpm/ml ¥P-DNA
(IRE-A element) for 60min at 25°C. After 60 min,
nitrocellulose strips were washed 3 to 4 times with the
binding buffer, dried, and subjected to autoradiogra-
phy.

Results and discussion

Regulation of GAPDH and EGR-1 mRNA levels in
primary adipocytes

In the streptozotocin-induced diabetic rat (80 mg/kg
streptozotocin for 7 days), GAPDH mRNA levels are

1

markedly decreased. When insulin is replaced by os-
motic pump, (4 U insulin/day) GAPDH mRNA is in-
creased 10-fold. In contrast, Egr-1 mRNA levels are
increased 2-fold in diabetic rat epididymal fat cells and
decreased below control with insulin replacement.
These observations support the importance of GAPDH
gene regulation by insulin in vive and indicate that
GAPDH is an excellent marker of the metabolic effects
of insulin on gene expression. Egr-1, on the other hand,
is predominantly regulated by factors other than insulin
in vivo.

Regulation of Egr-1 by insulin:
A model of its growth effects

The fact that insulin regulation of Egr-1 and GAPDH
mRMNA can be uncoupled during the induction and
treatment of diabetes raised the question whether dis-
tinct signal transduction pathways were involved in reg-
ulation of cell growth and cell metabolism by insulin.
The fact that the Egr-1 gene responds to insulin in
diverse cell types made it possible to examine the effects
of mutations in the autophosphorylation domain of the
insulin receptor tyrosine kinase on the ability of insulin
to stimulate Egr-1 mRNA in stable lines of CHO cells
expressing normal and mutant HIR. A Tyr-to-Phe sub-
stitution at residue 960, F,,, has been previously shown
to inhibit insulin-stimulated phosphorylation of endo-
genous substrates, thymidine incorporation into DNA |
and activation of glycogen synthase [5]. A Tyr-to-Phe
substitution at residue 1146, F,,,, inhibits the activation
of thymidine incorporation but has no effect on activa-
tion of glycogen synthase [4]. A representative experi-
ment in which the effect of insulin on Egr-1 mRNA was
compared to that of serum in each cell line is shown
(Table 1). The effect of insulin was 86% of the maximal
serum stimulation in cells that expressed 80,000 normal
human insulin receptors, CHO/HIR. In contrast, CHO
cells that expressed 3,000 endogenous insulin receptors,
CHO/NEQO, and cells that expressed 80,000 F,, mutant
receptors, CHO/IR gy, or 80,000 F),.,, mutant recep-
tors CHO/IRgy,4;, achieved only 32%, 24%, and 35% of
maximal stimulation, respectively. The effect of these
mutations on insulin regulation of Egr-1 mRNA mirrors
the effect of insulin on thymidine incorporation into
DNA in these lines and strongly suggests i) that the
signal transduction pathway used to stimulate acute
changes in Egr-1 gene transcription and those utilized to
modulate the effect of insulin on DNA synthesis are
similar, and ii) that the signal transduction pathway
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Fig. I. Regulation of GAPDH and Egr-1 mRENA by insulin in epididy-
mal fat cells.

Epididymal fat cells were isolated from i) control (CONT). ii) diabe-
tic (STREP/DIAB), or iii) diabetic rats treated with a subcutancous
infusion of insulin 4U/day for seven days (STREP/DIAB + IN-
SULIN). RNA was isolated as previously described [6] and subjected
to Morthern analysis. The autoradiograph is shown,

utilized to stimulate Egr-1 gene transcription is distinct
from that utilized to regulate metabolic events. Because
both the Fy, and F,,, mutations impair activation of the
insulin receptor tyrosine kinase and stimulation of in-
tracellular phosphorylation, these observations suggest
that stimulation of protein phosphorylation is linked to
regulation of two nuclear events, regulation of cell
growth and Egr-1 gene transcription. 5 a5

Future efforts will address the question whether the
transcriptional effect of insulin on metabolically active
genes is maintained in CHO/IR, 4 lines. It is conceiv-
able that tissue specificity of the hormone response
results from the component of trans-acting factors ex-
pressed in a given tissue and that all nuclear events are
inhibited in lines expressing CHO/IRg,4;. Alternative-
ly, the effect of insulin on metabolically active genes
may be mediated by a distinct pathway, as is the ability
of insulin to activate glycogen synthase.

Regulation of GAPDH gene rranscription by insulin:
A model of its metabolic effects

As shown in Fig. 1, we find that the effect of insulin on
growth and metabolic genes can be disassociated, in-
dicating that a distal component in the signal trans-
duction pathway is regulated differently. Our goal in
studying the GAPDH gene was to identify a metabolic

gene regulated by insulin at the transcriptional level and
proceed to identify the trans-acting factors that mediate
insulin’s action on genes that regulate glucose utiliza-
tion. We found that activation of GAPDH gene expres-
sion in insulin-responsive tissues correlates with activa-
tion of an insulin-responsive DNA binding protein,
IRP-A, that binds specifically to an element in the
5'-flanking region of the GAPDH gene to confer in-
sulin-responsive gene expression to the chloramphen-
icol acetyl transferase gene. Within 60 min of exposure
of 3T3 adipocytes or H35 hepatoma cells to insulin, the
activity of this sequence-specific DNA binding protein
is increased 4-fold [1] in the absence of new protein
synthesis (unpublished observations). Thus it appears
that the activity of these factors is regulated acutely by a
post-translational modification. Defining the intercon-
verting enzymes that modulate IRP-A binding activity
in response to insulin should lead to an understanding of
the mechanism by which insulin regulates metabolically
active genes.

The initial interaction of insulin with its receptor
results in autophosphorylation of the receptor tyrosine
activity. Insulin-stimulated phosphorylation results in
the activation of certain serine and threonine protein
kinases as well [9-11]. In contrast, for the most part,
insulin activates metabolic enzymes by promoting a net
decrease in protein phosphorylation. Well-studied ex-
amples include activation of glycogen synthase, pyru-

vate dehydrogenase, acetyl-coA carboxylase, and inac-

tivation of phosphorylase. .

We posed the gquestion whether dephosphorylation
would lead to activation of the IRP-A binding activity.
Control and insulin-treated extracts were incubated
with alkaline phosphatase for 0 or 10 min at 4°C. The
activity of the IRE-A DNA binding protein as assessed

Tuabie I. Fold effect of insulin on expression of Egr-1 mRNA in CHO
cell lines transfected with normal or mutant insulin receptors

NEQ HIR Fli46 Foal

Insulin {10 aM) 2.0 4.3 2.0 2.1
Serum (15% 6.0 5.0 5.6 2.6
Yo of Maximal Stimulation 32 a6 35 24

Total RMA was isolated from cells stimulated with insulin 10 nM and
serum as described in Methods. The fold effect of serum and insulin
vs, control (corrected for GAPDH mRNA since the gene is not
regulated in these cells) was calculated and plotted, Egr-1 is a serum
regulated gene. Stimulation of Egr-1 mRMNA by 10nM insulin in each
cell line was compared to the effect of 15% serum and is referred to as
the “% of Maximal Stimulation’ in the table.




by formation of a shifted complex on a gel shift assay
was decreased 70% (data not shown) by treatment of
control and insulin-stimulated extracts with alkaline
phosphatase at 4°C for 10min. A room temperature
incubation with phosphatase completely eliminated
IRE-A-binding activity. Parallel extracts treated with
heat-killed alkaline phosphatase at room temperature
for 10 min showed little change in binding activity.

The interaction of IRP-A with IRE-A DNA is inhib-
ited by phosphatase inhibitors. This problem can be
cirumvented by use of a Southwestern analysis in which
the binding reaction is performed on nitrocellulose-
bound proteins. In Fig. 2, IRP-A was incubated with
agarose-bound alkaline phosphatase, subjected to
SDS-PAGE, and transferred to nitrocellulose. The ni-
trocellulose-bound proteins were denatured and rena-
tured, then incubated with labelled IRE-A DNA. In
the absence of active phosphatase, a 57,000 molecular
weight protein (that comigrates with the 48,000 dalton
prestained molecular weight marker) bound IRE-A
DNA avidly. Phosphatase treatment prior to SDS-po-
Iyacrylamide gel electrophoresis eliminated the ability
of IRP-A to interact with the IRE-A DNA binding
motif. The pattern of background proteins did not
change with phosphatase treatment.

To confirm that the 57,000 protein detected on
Southwestern analysis was the specific IRE-A DNA
binding protein, we performed an experiment in which
the IRE-A binding motif was cross-linked to crude
extracts containing IRP-A and extracts partially puri-
fied by affinity chromatography. The pattern of pro-
teins detected was similar in both (Fig. 3). When crude
and affinity purified preparations of IRP-A were cova-
lently linked to DNA, two proteins were detected, a
prominent 57,000 molecular weight protein and a
116,000 molecular weight protein. The 57,000 molecul-
ar weight protein was competed by the wild-type
IRE-A binding motif, not by mutant motifs with de-
creased affinity for the IRP-A protein [1). Thus, the
57,000 dalton protein is the IRP-A protein. This assay
also allowed us to eliminate the possibility that IRP-A
was inactivated by proteolysis. When cross-linked ex-
tracts were incubated with agarose-bound alkaline
phosphatase, no change in the migration of the cross-
linked proteins was detected after alkaline phosphatase
treatment (data not shown). This result indicates that
the IRP-A protein was not less active because of degra-
dation. Thus, we conclude that i) binding of the IRE-A
Protein to DNA is dependent on phosphorylation and
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Fig. 2. Southwestern Analysis of Phosphorylated and Dephosphory-
lated TRP-A.

Crude nuclear extract isolated from 3T3 adipocytes was incubated
with inactivated (=) or active (+) alkaline phosphatase and the
proteins subjected to electrophoresis as described in Methods. The
binding of IRP-A to DNA was assessed by Southwestern analysis as
described in Methods. The autoradiograph is shown.

ii) that dephosphorylation is unlikely to be the mecha-
nism by which insulin activates IRP-A,

Insulin regulates the activity of numerous rate-limit-
ing metabolic enzymes by inhibiting protein phosphory-
lation. We have shown that DNA binding activity of an
insulin-sensitive trans-acting factor is markedly de-
creased when IRP-A is dephosphorylated. While this
finding clearly indicates that binding of IRP-A to DNA
is dependent on phosphorylation, it is as yet unclear
whether insulin alters the activity of this protein by
stimulating protein phosphorylation. Several mecha-
nisms are possible. Insulin could stimulate protein
phosphorylation resulting in a direct increase in binding
affinity of this protein for DNA. Alternatively, a pro-
tein-protein interaction may occur, A second possibility
would be that insulin dephosphorylates this protein and
promotes dissociation of the protein DNA complex
allowing another protein. which acts as an activator, to
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Fig. 3. Identification of a Specific IRE-A DNA Binding Protein. Crude adipocyte nuclear extract or partially purified adipocyte IRP-A was
ridinated IRE-A binding motif in the presence of i) unlabelled DNA, or i) a 100-fold excess of wild-type motif
{aactitcccgecteteagocttigaaag), or fif) a 100-fold excess of either a mutant IRE-A binding motif with the central nucleotides GC changed to TA,
MUT (GC—TA) (aactttcectacicleagectitgaaag) of a downstréam repeat of IRE-A that does not bind the insulin-sensitive protein, MUT (AGG)
{ccgectoocgecagpcteagocagteccag). Proteins were cross-linked and subjected to SDS-PAGE. The autoradiograph is shown. The migration of
prestained molecular weight markers is indicated. These markers run approximately 10,000 daltons higher than unmodified markers. Lane 1:
MNuclear extract cross-linked to wild-type (wt) IRE-A; Lane 2: Nuclear extract cross-linked to wit IRE-A in the presence of a 100-fold excess of wt
IRE-A: Lane 3, 4: same as Lane 1, but competed with a 100-fold excess of the two mutants described above; Lane 5: same as Lanes 1-3 except the
extract was partially purificd by affinity chromatography on an IRE-A sepharose column prior to cross-linking with labelled IRE-A DNA

incubated with a bromouw

occupy the site. These possibilities can be distinguished
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