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One of the most important characteristics of type 2 diabetes is
insulin resistance, during which the patients normally experi-
enced hyperinsulinism stress that would alter insulin signal
transduction in insulin target tissues. We have previously found
that early growth responsive gene-1 (Egr-1), a zinc finger tran-
scription factor, is highly expressed in db/db mice and in the fat
tissue of individuals with type 2 diabetes. In this report, we
found that chronic exposure to hyperinsulinism caused persis-
tent Erk/MAPK activity in adipocytes and enhanced insulin
resistance in an Egr-1-dependent manner. An elevation in Egr-1
augmented Erk1/2 activation via geranylgeranyl diphosphate
synthase (GGPPS). Egr-1-promoted GGPPS transcription
increased Ras prenylation and caused Erk1/2 activation. The
sustained activation of Erk1/2 resulted in the phosphorylation
of insulin receptor substrate-1 at Serine 612. Phosphorylation at
this site impaired insulin signaling in adipocytes and reduced
glucose uptake. The loss of Egr-1 function, knockdown of
GGPPS, or inhibition of Erk1/2 activity in insulin-resistant adi-
pocytes restored insulin receptor substrate-1 tyrosine phospho-
rylation and increased insulin sensitivity. Our results suggest a
new mechanism by which the Egr-1/GGPPS/Erk1/2 pathway is
responsible for insulin resistance during hyperinsulinism. This
pathway provides a new therapeutic target for increasing insulin
sensitivity: inhibiting the function of Egr-1.

Insulin resistance prevents insulin-responsive tissues, such
as adipose tissue, liver, and muscle, from reacting to insulin and
taking up the glucose that circulates in plasma. When adi-
pocytes and others become less sensitive and more resistant to
the insulin, the pancreas increases secretion, and the level of
insulin in the blood rises to maintain normal glucose levels (1).
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However, if insulin resistance worsens, the glucose levels will
begin to rise, both of which are major symptoms of type 2 dia-
betes mellitus. Consequently, those with type 2 diabetes melli-
tus normally experience hyperinsulinism for many years before
clinic characteristics occur (1, 2).

Upon insulin stimulation, the activated insulin receptor
recruits and phosphorylates insulin receptor substrate-1 (IRS-
1)* at a tyrosine site (Tyr-Met-Xaa-Met (YMXM) or Tyr-Xaa-
Xaa-Met (YXXM)), which activates the PI3K/Akt pathway and
enhances glucose uptake and glycogenesis (3). However, IRS-1
is instead phosphorylated at several other sites in insulin-resis-
tant rodents (e.g. Ser®”, Ser®'?, Ser®®®, and Ser®®®) and type 2
diabetes patients (e.g. Ser®>'? and Ser®'®), all of which negatively
regulate IRS-1 activity and block insulin signal transduction
(4-10). It has been reported that insulin-stimulated Erk1/2 and
JNK are able to modulate the phosphorylation of IRS-1. The
activation of JNK can enhance the phosphorylation of IRS-1 on
Ser®’; this action not only impairs IRS-1 function by inhibiting
its interaction with the insulin receptor but also promotes the
degradation of the IRS-1 protein (11). Erk1/2 has also been
shown to attenuate insulin signaling via Ser®'* phosphorylation
of IRS-1 (5). Thus, augmenting PI3K/Akt signaling and block-
ing MAPK signaling may prevent the development of insulin
resistance and increase insulin sensitivity during stress; these
pathways may therefore serve as targets for the development of
pharmacological interventions.

In insulin-resistant patients, insulin target tissues cannot ini-
tiate glucose uptake because of their lack of response to insulin
stimulation; however, insulin-resistant adipocytes have certain
genes, such as mcp-1, fra-1, and egr-1, that can maintain sensi-
tivity to insulin (9). Egr-1 (early growth response gene-1) is a
member of the immediate early gene family characterized by
zinc finger domains that recognize the highly conserved con-
sensus GC-rich nucleotide sequences (GCG (G/T)GG GCG)
(12, 13). Egr-1 can be transiently activated by many cytokines
and hormones, including insulin, through the MAPK pathway
(14, 15). In addition, as a transcription factor, Egr-1 can bind to
target sequences and regulate the expression of many genes,
such as TNF-a, PTEN, and SOCS-1 (16-18). Also, Egr-1 can
exert its inhibitory effect on adipocyte differentiation in 3T3-L1
cells (19). In this study, we found that Egr-1 may augment

“The abbreviations used are: IRS, insulin receptor substrate; GGPP, gera-
nylgeranyl diphosphate; GGPPS, GGPP synthase.
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Erk1/2 MAPK pathway signaling through its target gene gera-
nylgeranyl diphosphate synthase (GGPPS). GGPPS is a branch
point enzyme in the mevalonate pathway that catalyzes the syn-
thesis of geranylgeranyl diphosphate (GGPP). GGPP and farne-
syl pyrophosphate are used for the geranylgeranylation of pro-
teins, such as Ras and Ras-related small GTP-binding proteins,
with a CAAX motif at the C terminus (20).

We hypothesize that long term hyperinsulinism overacti-
vates Egr-1 and causes sustained activation of MAPK in a
GGPPS transcription-dependent manner. This results in an
increase in serine phosphorylation of IRS-1 that leads to
impaired PI3K/Akt activity followed by enhanced insulin resist-
ance. This mechanism explains how hyperinsulinism enhances
insulin resistance in type 2 diabetes mellitus. In this study, we
provide in vivo and in vitro evidence that the Egr-1/GGPPS/
Erk1/2 pathway is essential for the development of insulin
resistance. Loss of Egr-1 function in the insulin-resistant adi-
pocytes reduced the phosphorylation of IRS-1 on Ser®'?
thereby restoring the activity of IRS-1, the PI3K/Akt pathway,
and glucose uptake. Our results suggest that the Egr-1/GGPPS/
Erk1/2 pathway may be a promising target for the development
of pharmacological inhibitors designed to prevent insulin
resistance and increase insulin sensitivity in type 2 diabetes
mellitus.

EXPERIMENTAL PROCEDURES

Materials—Anti-Erk1/2, anti-AKT, and antibodies to their
phosphorylated forms were from Cell Signaling Technology;
alkaline phosphatase-conjugated secondary antibody, anti-
Egr-1, anti-IRS-1, and antibodies to its phosphorylated forms
were from Santa Cruz Biotechnology; HRP-tagged secondary
antibody was from Dako Cytomation; mouse recombinant
TNF-awas from R & D; U0126 (a MEK1/2 inhibitor) and GGTI
(a GGTase inhibitor) were from Sigma; 2-deoxy-p-[1-*H]glu-
cose (200 uCi/mmol/liter) was from Amersham Biosciences;
and insulin (40 IU/ml) was from Novolin. Human Egr-1 cDNA
and dnEgr-1 (dominant negative Egr-1) with only zinc finger
domains (96 amino acids) that could bind to the promoters of
all the Egr-1 target genes including ggpps but had no transcrip-
tion activity (21) were a gift from Prof. ]. M. Baraban. Adenovi-
ruses were constructed in our laboratory with the AdFasy™
system according to the manufacturer’s protocol. To generate
adenoviruses overexpressing Egr-1, dnEgr-1, the sequences of
Egr-1 and dnEgr-1 were cloned from their original vectors to
the pAdTrack-CMV vector. Human GGPPS cDNA was cloned
by RT-PCR from the total RNA of HEK293 to the pAdTrack-
CMYV vector. The siRNAs purchased from Invitrogen were
designed to target the following cDNA sequences: Egr-1, 5'-
TCTCCCAGGACAATTGAAATTTGCT-3'; and scrambled,
5'-CCTACGCCACCAATTTCGT-3'. The target sequence of
siEgr-1 was on the exon 2 of Egr-1 gene. To generate a
siRNA/GGPPS adenovirus, a 19-nucleotide unique sequence
targeting mouse GGPPS 5'-GGTGTCCCATCTGTCATTA-3’
and the scrambled sequence 5'-TTCTCCGAACGTGTCA-
CGT-3’ were inserted into a pShuttle-H1 vector.

Animal Studies—Male BKs db/db mice were purchased from
the Model Animal Research Center of Nanjing University. All
of the mice were maintained on a 12-h light/dark cycle. All of
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the protocols for animal use were reviewed and approved by the
Animal Care Committee of Nanjing University in accordance
with Institutional Animal Care and Use Committee guidelines.
The in vivo adenovirus administration experiment was per-
formed as described previously (22). Briefly, BKs db/db mice (6
weeks old) were anesthetized prior to abdomen exposure. The
adenoviral preparation (1 X 10® plaque-forming units in a vol-
ume of 20 ul) was injected at four points on each side of the
epididymal fat tissue in db/db mice. The mice were maintained
on a standard diet (65% carbohydrate, 4% fat, 24% protein).
After 5 days, total protein was prepared from the fat pads for the
Western blot analysis.

Generation of Adipose-specific GGPPS Deletion Mice and
Primary Adipocyte Culture—The GGPPS genomic DNA was
isolated from a 129SV] mouse genomic library and used to con-
struct the GGPPS targeting vector by standard techniques. Two
LoxP sites were inserted into the flank of exons 3 and 4 of the
GGPPS gene. GGPPS-LoxP-targeted mice were subsequently
crossed with ap2-Cre transgenic mice to generate adipose-spe-
cific GGPPS knock-out mice. The transgenic lines (from ES
cells of 129/Sv mouse strain) were back-crossed for at least six
generations into the C57BL/6 background. Primary cultures of
mice adipocytes were performed as described previously (23),
with modifications. After a 24-h incubation in DMEM/F-12
with 10% fetal calf serum allowing attachment, the cells were
washed in PBS and cultured in serum-free medium supple-
mented with agents (isobutylmethyl-xanthine, dexamethasone,
insulin, transferrin, rosiglitazone, and triiodothyronine) that
induce differentiation of preadipocytes to adipocytes. Triglyc-
eride-storing adipocytes, representing 40—-80% of cultured
cells, are visible within 5-10 days. Adipocytes were maintained
for an additional 4 days in DMEM/F-12 with 10% FCS before
experiments.

3T3-L1 Adipocyte Differentiation—3T3-L1 cells were pur-
chased from the cell bank of the Chinese Academy of Sciences
(Shanghai, China) and grown in DMEM supplemented with
10% FCS and 1% penicillin/streptomycin (growth medium).
The cells were induced to differentiate into adipocytes accord-
ing to previously described methods (24). To generate insulin-
resistant adipocytes, the differentiated cells were treated for
another 3 days with growth medium containing TNF-a (5
ng/ml).

Adenovirus Infection, siRNA Transfection, and Inhibitor
Administration—The cells were infected with adenovirus at a
multiplicity of infection of 200 in serum-free medium for 2 h;
the medium was then supplemented with 2% FCS to maintain
cell survival for another 48 h. Transfection of siRNA was per-
formed using Lipofectamine™ 2000 transfection reagent
(Invitrogen) according to the manufacturer’s protocol. For
GGTI administration, the cells that had been infected with an
adenovirus for 24 h were incubated in growth medium contain-
ing 540 nm GGTI for another 48 h. The administration of
U0126 (10 um) was performed 2 h before the cell lysates were
collected.

Total RNA Preparation and Real Time RT-PCR—Total RNA
from treated cells was extracted using TRIzol reagent (Invitro-
gen) and reversed transcribed with a PrimeScript "™ RT reagent
kit (TaKaRa). The resulting cDNA was used for real time PCR
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FIGURE 1. Egr-1 participates in the development of insulin resistance in adipocytes. A, to compare the base-line changes in genes expression between
preadipocytes and mature adipocytes, these two kinds of cells were lysated at the indicated times without any insulin pretreatment. The cell lysates were
Western blotted against P-IRS-1(Tyr), T-IRS-1, and Egr-1. Band C, to create a model of hyperinsulinism in vitro, preadipocytes (B) and adipocytes (C) were treated
with insulin (/ns, 1000 nm) for the indicated times. To maintain the effect of insulin on the cells, insulin was added to the medium every 12 h. The cell lysates were
Western blotted against P-IRS-1(Tyr), P-IRS-1(Ser®'?), and Egr-1. D, adipocytes were infected with dnEgr-1 adenovirus or GFP control adenovirus for 48 h and
then stimulated with insulin (1000 nm) for 72 h. The cells were washed with fresh medium and acutely stimulated with insulin for 30 min and then assessed
glucose uptake. *, p < 0.05, compared with the GFP group untreated with insulin; ##, p < 0.01, compared with the GFP group treated with insulin.

performed on an ABI-7300 machine. SYBR-Green master mix
was purchased from TAKARA. All of the quantitations were
independent, conducted in triplicate, and normalized to an
endogenous 18 S RNA control. The sequences of primer
probes are as followed: GGPPS, 5'-TTTTGCATACACTCGA-
CACACT-3" and 5'-GGCCTCAATTTGTTTGTAGGCTT-
3’5 and 18 S, 5'-GTCTGTGATGCCCTTAGATG-3' and 5'-
AGCTTATGACCCGCACTTAC-3".

Glucose Uptake—Glucose uptake in cells was performed as
described previously (25). Briefly, the cells were pretreated with
1.5 pl of [PH]p-glucose (200 wCi/mmol/liter) and a final con-
centration of 1000 nm insulin. After 3 h, the reaction was ter-
minated by washing the cells three times with ice-cold PBS. The
cells were solubilized with 0.3 ml of 10 N KOH. Cold glycogen
carrier was added to the lysates. Glycogen was precipitated with
ethanol overnight and then centrifuged at 10,000 X g for 10
min. The pellets were resuspended in water and counted by
scintillation counting (Beckman LS6500).

Western Blotting—Whole cell lysates were prepared accord-
ing to previously reported standard protocols (26). For Western
blotting, equal amounts of protein for each group were resolved
by 10% SDS-PAGE and then transferred onto PVDF mem-
branes (Bio-Rad, Richmond, CA). The membranes were then
incubated with the appropriate primary antibody as indicated.
Bound antibodies were visualized using alkaline phosphatase-
conjugated or HRP-labeled secondary antibodies.

Immunoprecipitation—Immunoprecipitation =~ was  per-
formed according to standard protocol (27). Pan-Ras antibody
was used to form immune complex with Ras proteins of the cell
lysates and immunoprecipitated down with protein A/G plus
agarose; after a thorough wash, the samples were eventually
subjected to Western blot analysis against K-Ras.

Ras Geranylgeranylation Measurements—The cells were
infected with the indicated adenovirus, treated with the indi-
cated inhibitor, lysed in 500 ul of lysis buffer, and centrifuged
for 15 min at 18,000 X g. The total protein concentration was
diluted to 1 mg/ml. Ras geranylgeranylation was measured as
described previously (28). Briefly, an equal volume of 4% Triton
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X-114 was added to the supernatant to solubilize and fraction-
ate the lipid-rich cell membrane. The aqueous upper phase
containing enriched intracellular Ras, and the organic lower
phase, which contained highly enriched membrane-associated
Ras, was separated by 4% Triton X-114 at 37 °C for 5 min. Fol-
lowing the standard immunoprecipitation protocol, the col-
lected samples were subjected to Western blot analysis.

RESULTS

In Adipocytes, Egr-1 Participated in Insulin Resistance In-
duced by Long Term Exposure to Insulin—Before the patients
are clinically diagnosed as type 2 diabetes mellitus, they are
typically exposed to chronic hyperinsulinism stress, which
occurs with a sustained, above normal level of insulin. To
mimic in vivo chronic hyperinsulinism, we exposed preadi-
pocytes that were used as controls and adipocytes to high insu-
lin (1000 nm) for up to 72 h with fresh culture medium (plus
insulin) provided every 12 h. Meanwhile, we compared the
base-line change in the gene expression between the preadi-
pocytes and adipocytes that were not pretreated with insulin
(Fig. 1A). We found that insulin stimulation increased Egr-1
expression in as early as 60 min in both preadipocyte controls
(Fig. 1B) and adipocytes (Fig. 1C), as expected. However, adi-
pocytes and preadipocytes displayed completely different insu-
lin response patterns after 24 h of insulin treatment. In adi-
pocytes, the Egr-1 level increased continuously from 24 to 72 h
of treatment (Fig. 1C), but in preadipocytes, Egr-1 expression
was no longer responsive to insulin after 24 h (Fig. 1B). An
analysis of insulin signaling showed that the tyrosine-phospho-
rylated form of IRS-1 (the active form) was still elevated after
insulin treatment for 36 h in preadipocytes (Fig. 1B) but
decreased to the basal level in adipocytes after 24 h of insulin
exposure (Fig. 1C). Notably, the phosphorylation of IRS-1 on
Serine 612 (the inactive form) increased over time in adi-
pocytes, with a pattern that was similar to Egr-1 expression (Fig.
1C). Moreover, long term hyperinsulinism inhibited glucose
uptake in adipocytes (Fig. 1D). However, this effect was
reversed when we blocked the transcription activity of Egr-1
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FIGURE 2. Sustained activation of Erk1/2 under long term insulin stimu-
lation is dependent on Egr-1. A and B, preadipocytes (A) and adipocytes (B)
were treated with insulin (Ins, 1000 nm) for the indicated times with changing
fresh medium containing insulin every 12 h. The cell lysates were Western
blotted against phosphorylated Erk1/2 (P-Erk1/2) and total Erk1/2 (T-Erk1/2).C
and D, adipocytes were infected with GFP-dnEgr-1 adenovirus (C) or trans-
fected with Egr-1 siRNA (siEgr-1) (D) for 48 h. The cells were treated with
insulin for 3 h before the samples were Western blotted against P-Erk1/2 and
total Erk1/2. E and F, adipocytes were infected with GFP-dnEgr-1 adenovirus
(E) or transfected with Egr-1 siRNA (siEgr-1) (F) for 48 h. The cell lysates were
Western blotted against Egr-1 and a-tubulin. The overexpressed dnEgr-1 is a
zinc finger protein that can bind the promoters of Egr-1 target genes but has
no transcriptional activity. It is a 10.5-kDa protein that can be detected with
the Egr-1 antibody (Santa Cruz Biotechnology).

with a dnEgr-1 adenovirus (Fig. 1D). Collectively, these results
suggest that long term exposure to excess insulin may trigger
insulin resistance in adipocytes in an Egr-1-dependent manner
in vitro.

Long Term Insulin Stimulation in Adipocytes Caused Sus-
tained Activation of Erkl/2 in an Egr-1-dependent Manner—
The development of insulin resistance requires the activity of
MAPK (Erk1/2) and the SAPKs (JNK and p38), which decrease
insulin signaling by phosphorylating IRS-1 at serine sites (11,
29, 30). We found that insulin triggered a sustained increase in
Erk1/2 from 48 to 72 h of treatment in adipocytes (Fig. 2B) but
not in preadipocytes (Fig. 24). This increase corresponds to the
elevated Egr-1 expression observed in Fig. 1B. To determine
whether Erk1/2 activity depended on Egr-1, we infected adi-
pocytes with dnEgr-1 adenovirus or transfected them with
Egr-1 siRNA. Insulin-stimulated Erk1/2 activity decreased sig-
nificantly when the transcription activity of Egr-1 was inhibited
(Fig. 2C) and when the expression of Egr-1 was knocked down
(Fig. 2D). The efficiency of the dnEgr-1 adenovirus and the
Egr-1 siRNA was determined (Fig. 2, E and F). These results
indicate that hyperinsulinism-induced sustained Erk1/2 activa-
tion depends on the function of Egr-1.

Insulin-resistant Adipocytes Exhibit Sustained Erk1/2 Acti-
vation When Exposed to Hyperinsulinism—As shown in normal
adipocytes, insulin-resistant adipocytes also exhibited sus-
tained Erk1/2 activation in response to insulin stimulation (Fig.
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FIGURE 3. Egr-1 is critical for sustained activation of Erk1/2 in response to
long term insulin stimulation in insulin-resistant adipocytes. A and
B, insulin-resistant adipocytes were infected with GFP-dnEgr-1 adenovirus (B)
or GFP control adenovirus (A) for 48 h, followed by long term insulin (/ns)
stimulation. The cell lysates were Western blotted against phosphorylated
Erk1/2 (P-Erk1/2) and total Erk1/2 (T-Erk1/2). C, insulin-resistant adipocytes
were transfected with Egr-1 siRNA (siEgr-1) for 48 h. The cells were treated
with insulin for 3 h before the samples were collected and Western blotted
against P-Erk1/2 and total Erk1/2. D, insulin-resistant adipocytes were
infected with GFP-dnEgr-1 adenovirus or transfected with Egr-1 siRNA
(sigr-1) for 48 h. Insulin was administered to cells 30 min before measuring
glucose uptake. *, p < 0.05, compared with the GFP group (plus insulin) or the
scrambled group (plus insulin).

3A). A loss of Egr-1 transcriptional function inhibited the sus-
tained Erk1/2 activity after insulin stimulation for 3 h (Fig. 3B).
The results were further supported by an Egr-1 siRNA transfec-
tion experiment (Fig. 3C); Erk1/2 activity decreased signifi-
cantly in response to insulin stimulation when Egr-1 expression
was knocked down. Assessment of glucose uptake showed that
inhibition of Egr-1 transcription activity or the knockdown of
Egr-1 expression could increase insulin sensitivity in IR adi-
pocytes (Fig. 3D). These results suggest that Egr-1-regulated
sustained Erk1/2 activation maintains insulin insensitivity in IR
adipocytes.

GGPPS, an Egr-1 Target Gene, Mediates Egr-1-regulated
Erkl1/2 Activation during Long Term Insulin Stimulation in IR
Adipocytes—We previously reported that GGPPS is a target
gene of Egr-1. GGPPS catalyzes the synthesis of isoprenoid
moieties, such as GGPP (31, 32), which can be used for the
geranylgeranylation of small GTP-binding proteins, including
Ras and Ras-related proteins. The prenylation of Ras is gener-
ally considered essential for its membrane association and its
ability to activate the downstream MAPK pathway (20, 33). We
found that GGPPS could be increased by insulin stimulation in
insulin-resistant adipocytes (Fig. 44). A loss of Egr-1 function
or knockdown of Egr-1 expression inhibited the expression of
GGPPS in insulin-resistant adipocytes stimulated with insulin
(Fig. 4B). To determine whether Egr-1 regulates Erk1/2 activity
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indicated times and subjected to Western blot analysis. **, p < 0.01, compared with the group untreated with insulin; ##, p < 0.01, compared with the group

treated with insulin. P-Erk1/2, phosphorylated Erk1/2; T-Erk1/2, total Erk1/2.

through GGPPS, we overexpressed exogenous Egr-1 in insulin-
resistant adipocytes and introduced either GGPPS siRNA or
GGTI (a GGTase inhibitor) before analyzing Erk1/2 phospho-
rylation. We found that exogenous Egr-1 greatly activated
Erk1/2, whereas the disruption of GGPPS or the inhibition of
GGTase function reversed the effect of Egr-1 overexpression
(Fig. 4C). Long term exposure of insulin-resistant adipocytes to
insulin revealed that when GGPPS expression was knocked
down, insulin-induced sustained Erk1/2 activation after 2 h was
inhibited (Fig. 4, D and E). These results suggest that Egr-1
regulates sustained Erk1/2 activity by promoting GGPPS
expression in insulin-resistant adipocytes.

Egr-1 Regulates Erkl/2 Activity via GGPPS-induced Ras
Prenylation—Ras prenylation and membrane association are
key steps for Ras-mediated activation of the Erkl/2-MAPK
pathway. To determine whether Egr-1-activated GGPPS ex-
pression regulates Erk1/2 through Ras prenylation, we overex-
pressed exogenous Egr-1 or GGPPS in adipocytes or insulin-
resistant adipocytes and then analyzed Ras prenylation and
Erk1/2 activation. We found that Egr-1 or GGPPS overexpres-
sion increased Ras prenylation (down portion of Triton X-114
extraction) (Fig. 54); however, the GGPPS knockdown or inhi-
bition of GGTase activity reversed the effect of exogenous
Egr-1 overexpression in adipocytes (Fig. 54). Egr-1-stimulated
Erk1/2 activation was also blocked by GGPPS knockdown and
by inhibition of GGTase activity in adipocytes (Fig. 5B). In insu-
lin-resistant adipocytes, a loss of Egr-1 function or GGPPS
knockdown inhibited the Ras prenylation (Fig. 5C) and the
Erk1/2 activity (Fig. 5D) induced by insulin. These results sug-
gest that Egr-1 may promote positive feedback to regulate Ras/
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MAPK/Erk1/2 activation, which is dependent on GGPPS tran-
scription and GGPPS-regulated Ras prenylation in both
adipocytes and insulin-resistant adipocytes.

The Egr-1/GGPPS/Ras/Erk1/2 Pathway Enhances Insulin Re-
sistance by Increasing IRS-1 Ser®’? Phosphorylation—Erk1/2
has been shown to attenuate insulin-elicited signals by phos-
phorylating IRS-1 on Ser®'? (5) and thereby inactivating it. To
determine whether the Egr-1/GGPPS/Erk1/2 pathway is essen-
tial for the responses to insulin that occur during hyperinsulin-
ism, we introduced a dnEgr-1 adenovirus (Fig. 6B), GGPPS
siRNA (Fig. 6C), and U0126, a MAPK/Erk kinase inhibitor (Fig.
6D), into insulin-resistant adipocytes to block the components
of this pathway. Meanwhile, we used the non-insulin-resistant
adipocytes as control (Fig. 6A4). The results show that insulin-
stimulated phosphorylation of IRS-1 at Ser®'* was significantly
decreased by the inhibition of Egr-1 transcription activity (Fig.
6B), the knockdown of GGPPS expression (Fig. 6C), and the
inhibition of Erk1/2 activation (Fig. 6D). In addition, tyrosine
phosphorylation of IRS-1 (its active form) and Akt activation
were also rescued after inhibition of the Egr-1/GGPPS/Erk1/2
pathway in insulin-resistant adipocytes (Fig. 6, B—D). Likewise,
the ability of insulin-resistant adipocytes to take up glucose
responding to insulin was also rescued when the Egr-1/GGPPS/
Erk1/2 pathway was disrupted (Fig. 6E). We knocked out the
GGPPS gene in the adipose tissue of mice and separated
the adipocytes to expose them to insulin stimulation. Glucose
uptake determination showed that GGPPS™ /™ adipocytes were
more sensitive to insulin than GGPPS"’ ™~ adipocytes (Fig. 6F).
Immunoblot analysis of GGPPS™ /'~ adipocytes after insulin
exposure also suggested that IRS-1 tyrosine phosphorylation
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was enhanced in GGPPS™'~ adipocytes, and insulin signaling
pathway had tilted to the PI3K/Akt pathway because Erk1/2
phosphorylation was decreased, and Akt phosphorylation was
increased by GGPPS deletion (Fig. 6G). Additionally, to deter-
mine whether Egr-1 is required for GGPPS induction of IRS-1
inhibition in vivo, we disrupted the transcriptional activity of
Egr-1 in the adipose tissue of the diabetic db/db mice by inject-
ing dnEgr-1 adenovirus into the epididymal fat tissue (Fig. 6H).
The immunoblot result shows that GGPPS expression in the
adipose tissue was dependent on Egr-1, and the phosphorylated
IRS-1 on Ser®"?, which was the inhibitory form of IRS-1, was
decreased after loss of function of Egr-1. These data suggest
that stimulation of the Egr-1/GGPPS/Erk1/2 pathway is crucial
for the development of insulin resistance. Disruption of this
pathway may increase insulin sensitivity; the Egr-1/GGPPS/
Erk1/2 pathway may therefore be an effective target for the
treatment of type 2 diabetes mellitus.

DISCUSSION

Insulin activates two signaling pathways: PI3K/AKT and
MAPK. Tyrosine-phosphorylated IRS-1 associates with the p85
subunit of PI3K and activates the PI3K/Akt pathway, which
promotes glucose uptake and glycogenesis (3, 34). Insulin stim-
ulation also activates MAPK (Erk1/2) and the SAPKs (JNK and
p38), which result in cell growth (35, 36). These two signaling
pathways, PIBK/AKT and MAPK, can both be triggered by
insulin under normal physiological conditions. However, dur-
ing insulin resistance development, the balance of PI3K/Akt
and MAPK might be impaired by long term hyperinsulinism
(37). The PIBK/AKT signal is disrupted by serine phosphoryla-
tion of IRS-1, whereas the MAPK pathway is still augmented
and leads to insulin resistance (38). Benz et al (39) have
reported that Egr-1 can be induced by FGF-1 via increase of
MAPK and inhibition of AKT/PKB in hippocampal neurons.
They found that when the phosphorylated MAPK reached
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maximal activation, the phosphorylated AKT was at its lowest
levels. This suggested an interaction between MEK-1/2 and
PI3K during Egr-1 induction. However, it is still not clear what
causes the imbalance between PI3K/AKT signaling and the
MAPK pathway. In this study, our results suggest that Egr-1
and its target gene GGPPS may be involved in insulin resistance
through the sustained activation of Erk/MAPK signaling during
prolonged exposure to above normal level of insulin that
resulted from insulin resistance. Such an exposure in adi-
pocytes would decrease tyrosine phosphorylation of IRS-1 but
increase serine phosphorylation, thereby further decreasing
insulin sensitivity. This increase in the serine phosphorylation
of IRS-1 depends on the sustained activation of Erk1/2 that is
controlled by Egr-1-regulated GGPPS transcription. Our
results provide a new mechanism by which the Egr-1/GGPPS/
Erk1/2 pathway could impair insulin signaling: phosphoryla-
tion of IRS-1 at Serine 612.

GGPPS is a branch point enzyme in the mevalonate pathway
that catalyzes the synthesis of GGPP. This isoprenoid may be
used for Ras prenylation and then results in Ras membrane
translocation and Ras-Raf-MAPK signaling pathway activation
(20, 40). We found that Egr-1 may provide positive feedback to
regulate Ras/MAPK/Erk1/2 activation through its target gene
GGPPS under hyperinsulinism stress (Fig. 5). dnEgr-1 overex-
pression largely impaired GGPPS transcription induced by
insulin in IR adipocytes. Furthermore, the overexpression of
exogenous Egr-1 significantly increased Ras prenylation and
Erk1/2 activation, which were highly dependent on Egr-1-pro-
moted GGPPS transcription. The biological significance is that
long term hyperinsulinism will stress insulin-sensitive tissues,
such as fat, and evokes sustained activation of Erk1/2 by
GGPPS-induced Ras prenylation. Sustained activation of
Erk1/2 catalyzes the phosphorylation of IRS-1 at Serine 612 and
blocks the interaction between IRS-1 and PI3K.
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IRS-1, a key molecule in insulin signaling, has several phos-
phorylation sites: whereas tyrosine phosphorylation activates
IRS-1, phosphorylation on Ser®*” (4), Ser®'? (5), and Ser®3¢/¢3°
(41) will inactivate this molecule. At a normal physiological
level, insulin phosphorylates IRS-1 on tyrosine site (42). Phos-
phorylation on Ser®*” and Ser®*®’®*® primarily results from
inflammation-induced JNK activation, which is the major cause
of obesity-related insulin resistance (4, 43); phosphorylation on
Ser®'?is catalyzed by Erk1/2 (5). A normal physiological level of
insulin can activate both PI3K/AKT and MAPK pathways
through IRS-1 and Ras, respectively (44, 45). However, the
PI3K/AKT pathway is inhibited, whereas the MAPK pathway
remains active during insulin resistance and hyperinsulinism
(30, 38); the balance between these two pathways is altered by
an unknown mechanism. Our results indicate that the activa-
tion of Erk1/2 may be sustained by long term insulin stimula-
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tion in normal and insulin-resistant adipocytes. Erk1l/2-in-
duced phosphorylation of IRS-1 on Ser®'? increased as tyrosine
phosphorylation of IRS-1 was decreased by Egr-1 in a GGPPS-
dependent manner. Additionally, glucose uptake in adipocytes
was impaired by Egr-1-activated GGPPS transcription and sus-
tained Erk1/2 activation. Our results suggest that this pathway
could serve as a target for the development of pharmacological
treatments for type 2 diabetes mellitus. As shown in this report,
insulin signaling and glucose uptake were markedly restored
when a dnEgr-1 adenovirus, GGPPS siRNA, and U0126 were
introduced into insulin-resistant adipocytes.

We showed for the first time that in insulin-resistant adi-
pocytes, Egr-1 activates the MAPK pathway in response to
insulin via a positive feedback mechanism involving a GGPPS-
induced increase in Ras prenylation. The sustained activation of
Erk1/2 in hyperinsulinism leads to the phosphorylation of
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FIGURE 7. The model of Egr-1/GGPPS/Erk1/2 pathway regulating insulin
resistance in hyperinsulinism. Egr-1 is greatly increased in hyperinsulinism
and in insulin resistance through activation of the Erk1/2 MAPK pathway. The
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tion and promoting Ras membrane association. Furthermore, the sustained
activation of Erk1/2 can phosphorylate IRS-1 on Ser®'? and inhibit its activity.
Insulin resistance eventually results from impaired glucose uptake.

IRS-1 on Ser®?, which may inhibit the association of IRS-1 and
PI3K (5, 43, 46) and thereby impair PI3K/AKT signaling and
glucose metabolism (Fig. 7). In this way, hyperinsulinism leads
to an imbalance in PI3K/AKT and MAPK signaling that even-
tually further enhances insulin resistance and finally results in
type 2 diabetes mellitus. Collectively, our results suggest that
Egr-1 may be a perfect target for the development of a pharma-
cological treatment for insulin resistance and type 2 diabetes
mellitus.
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