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Abstract: Insulin regulates a large number of genes in a tissue-specific manner. We have
previously identified genes modulated by insulin in the liver and in liver-derived cells that have
not yet been characterized as insulin regulated, and results of these previous studies indicated
that numerous genes are induced by insulin via the MEK-ERK pathway. We now describe new
studies indicating that Gadd45-B can be induced by acute insulin treatment. Although other
regulators of Gadd45-f expression may utilize the MEK-ERK pathway, the data indicate that
insulin utilizes signaling pathways separate from either MEK-ERK, PI3-K, or p38 signaling
pathways in the regulation of Gadd45-f transcription. Our findings show that activation of a
downstream effector of multiple signaling pathways, mTOR, was required for insulin-induction
of Gadd45-B gene transcription. Increased expression of Gadd45-f can inhibit c-Jun N-terminal
kinase (JNK) activity. Since TNFa. is increased during inflammation, and acts, at least in part,
via the JNK signaling pathway, insulin induction of Gadd45-3 suggests a mechanism for the
anti-inflammatory actions of insulin.
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Insulin regulates hepatic cellular processes involved in normal metabolism,
development, and growth, including enzyme activity, gene transcription, and DNA
and protein synthesis.' In response to insulin binding, the insulin receptor becomes an
active tyrosine kinase resulting in tyrosine autophosphorylation of the insulin receptor
and phosphorylation of insulin receptor substrate (IRS) proteins, Son of Sevenless
(SOS), and the growth factor receptor binding protein [GRB-22]. This signaling cascade
leads to the activation of Ras and MEK kinase, which in turn activates the extracellular
signal-regulated kinases [ERK1/2;?].

A second major insulin-regulated signaling pathway is the phosphatidylinositol
3-OH-kinase (PI3-K) pathway, which is activated by recruitment of effector molecules
to the tyrosine phosphorylated IRS proteins. In some systems, insulin activates several
additional pathways, including those of p38 kinase and Cbl/CAP? Results of our pre-
vious work demonstrated that complex coordination of signaling pathways activated
by insulin, including interactions of insulin-activated MEK-ERK and p38 signaling
pathways, and the MEK-ERK and PI3-K pathways rapidly induced transcription of
the c-fos, Pip92 (also known as CHX-1, ETR101, IER2), Egr-1 (NGF-1A, Krox24,
zif268, and TIS8), ATF-3 (LRF-1, LRG-21, CRG-5, and TI-241), Insig-1 (CL-6), and
Krox20 (EGR-2) genes.* ¢ We have also observed that insulin-induced gene expression
depends not only on activation of signaling pathways, but the temporal expression
patterns of these pathways.¢

submit your manuscript
Dove

7083

Hepatic Medicine: Evidence and Research 2010:2 79-85 79
© 2010 Bortoff et al, publisher and licensee Dove Medical Press Ltd. This is an Open Access article
which permits unrestricted noncommercial use, provided the original work is properly cited.


www.dovepress.com
www.dovepress.com
www.dovepress.com

Bortoff et al

Dove

Another insulin activatable kinase, downstream of
multiple signaling pathways, is mammalian target of rapamy-
cin [mTOR;7!%]. This pathway is important in both insulin
and in nutrient signaling. The activity of mTOR is inhibited
by the fungal antibiotic rapamycin, which blocks the phos-
phorylation and activation of p70-S6 kinase and 4E-BP1,
which are substrates of mTOR.%!!"14

We have utilized the H41IE rat hepatoma cells as a model
system.!>!1¢ These cells express functional insulin and growth
hormone receptors, respond to physiologic concentrations of
both,!”!¥ and this response has been utilized in the study of
intracellular signaling and subsequent gene expression. We
previously identified several insulin-responsive genes through
differential screening of an insulin/anisomycin treated cDNA
library isolated from H4IIE cells." These include cytoskeletal
genes, and genes involved in cell division and the response
to cellular stress.* %2 Many of these genes are described
as immediate early genes (IEG) due to their rapid activation
in response to insulin.'*

An additional cDNA that was recently selected was
identified to be homologous to Gadd45-B. The Gadd45
isoforms (o, B, ¥) function in common, but also by distinct
pathways.?® They are induced by a number of cell stressors
and have a number of cellular functions, including cell cycle
regulation, from which they derive their names, growth
arrest and DNA damage-inducible factors.?’ Their increased
abundance contributes to a low mitotic index and protection
of genomic integrity.?® Conversely, they are downregulated
in hepatocellular carcinoma.?® Gadd45-f is a major player
in NFxB mediated resistance to apoptosis and antagonizes
TNFo cytotoxicity by suppressing TNFo induced c-Jun
N-terminal kinase (JNK) activation. The Gadd45-B protein
forms a complex with MKK?7, the upstream regulator of
JNK, inhibiting JNK activation.?”-*3

In addition to the many metabolic actions of insulin, it
plays the role of an anti-inflammatory agent. Insulin reduces
proinflammatory mediators such as TNFa, IL6, JE, and KC
in animal models of endotoxemia.’! Several proinflamma-
tory cytokines, in particular IL-6, signal via STAT3. We
and other researchers have found that an anti-inflammatory
action of insulin is to decrease STAT3 activity.**** Our recent
work indicates that the JNK pathway plays a role in TNFo
dependent injury-induced hepatic insulin resistance.* TNFo,
is increased during inflammation, and can lead to insulin
resistance, at least in part via activating JNK.

Regulation of Gadd45-B is complex and may involve
multiple signaling pathways. To our knowledge, the present
study is the first report demonstrating active insulin-induced

transcription of Gadd45-f3. Inhibition of the MEK-ERK and
PI3-K pathways were ineffective in altering the insulin effect
on Gadd45- transcription. However, mTOR was found to be
necessary, since inhibition of this kinase abolished insulin-
induced Gadd45-f transcription. Since insulin increased
expression of Gadd45-B, which can inhibit JNK activity,
insulin induction of Gadd45-f suggests a mechanism for
the anti-inflammatory actions of insulin.

Materials and methods

Materials

Swim’s 77 medium, fetal bovine serum, calf serum, horse
serum, and wortmannin were obtained from Sigma-Aldrich,
(St Louis, MO). RNase H, and proteinase K were purchased
from Gibco/BRL (Bethesda, MD). RNAsin was obtained
from Promega (Madison, WI), DNase I and RNase T1 from
Worthington/Cappel Biochemicals, Inc. (Lakewood, NJ).
LY294002 was purchased from Biomol (Plymouth Meeting,
PA), PD98059 was obtained from Cell Signaling Technol-
ogy (Beverly, MA) as were phospho-(active)-ERK1/2,
phospho-(Ser473)-Akt, and secondary rabbit antisera, and
International Chemical and Nuclear Corp. (ICN, Costa Mesa,
CA) supplied the o-*?P-UTP.

Cell culture

Rat H4-IIE hepatoma cells (American Type Culture Collec-
tion, Rockville, MD) were maintained in monolayer cultures
in Swim’s 77 medium supplemented with 2% fetal bovine
serum, 3% calf serum, and 5% horse serum in a 5% CO,
incubator.*!!” Experiments were initiated after serum was
withdrawn for 20 to 24 hours when cells were approximately
70% to 80% confluent.

Transcription assays

Transcription rates of the mRNAs of interest were measured
in isolated nuclei by the nuclear run-on method exactly as
described previously.>'”"” Newly transcribed nuclei were
labeled with 2P-UTP. The nascent transcripts were isolated,
hybridized with cDNAs dot-blotted onto nitrocellulose, then
exposed to autoradiography. The resultant autoradiograms
were densitometrically scanned and analyzed using ZeroD
Scan from Scanalytics (Fairfax, VA). The values from the
treatments were compared to the control in each experiment
and expressed as fold-changes.

Western blot analysis
Whole cell lysates were resolved by SDS-PAGE and trans-
ferred to Protran BA85 membranes (Schleicher and Schuell,
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Keene, NH), developed with ECL Plus (Amersham Biosci-
ences, Buckinghamshire, England), and visualized by autora-
diography or direct digital imaging of chemiluminescent blots
using the Fluorchem FC imager system [Alpha Innotech, San
Leandro, CA;*!33¢]. Quantitation of the relative band inten-
sity and background subtraction was carried out using the
onboard software of the Fluorchem FC digital imager.**"-#

Statistical analysis

ANOVA and Student’s ¢ tests were performed using the
Instat program (Graphpad Software Inc., San Diego, CA).
Values from experimental treatments were expressed as fold
changes compared to the vehicle-treated controls within each
experiment. #, ##, and ###, designate P < 0.05, P < 0.01,
and P < 0.001, respectively, versus vehicle control.

Results

A cDNA library was constructed from H4IIE cells treated
with a postprandial concentration of insulin (1 x 10 M)
and anisomycin (100 uM) for 2 hours. Radiolabeled cDNAs
isolated from similarly treated cells were then compared with
labeled cDNAs from untreated cells in the screening of this
library."” Gadd45-B was selected as a differentially expressed
mRNA. When independently tested using the nuclear run-on
assay, a consistent and significant 2- to 3-fold increase of
Gadd45-p transcription was induced by addition of insulin
for 30 minutes (P < 0.001; Figures 1A and B).

It was then asked which insulin-induced signaling
pathway(s) was necessary for insulin to increase Gadd45-3
gene expression. In our prior reports it was demonstrated
that the MEK-ERK pathway is required for the rapid
insulin induction of c-fos, Pip92, Egr-1, ATF-3, Insig-1,
and Krox20 transcription.*® A specific inhibitor of MEK,
PD98059, was used in these prior studies and found to abolish
insulin-induced transcription of these genes. When PD98059
was used to determine the requirement for the MEK-ERK
pathway in insulin induction of Gadd45-f transcription, the
inhibitor itself had no effect on basal Gadd45- transcription.
Unlike our earlier observations regarding insulin regulation
of c-fos, Pip92, Egr-1, ATF-3, Insig-1, and Krox20 tran-
scription, insulin-induced transcription of Gadd45-B was
not significantly attenuated by pretreatment with PD98059
(Figure1B). This slight but insignificant effect on insulin-
induced Gadd45- transcription was observed at time points
where insulin-stimulated phosphorylation of ERK1/2 was
completely blocked. For instance, insulin for 5 minutes
resulted in a maximal activation/phosphorylation of ERK1/2
(Figure 1C, top panel). The phosphorylation of ERK1/2
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Figure | Induction of Gadd45-f transcription by insulin is independent of MEK
activity. Serum-deprived H4IIE cells were treated with 10 nM insulin alone for 30
minutes (I) or in the presence of the MEK inhibitor PD98059 (PD; 50 uM) added
30 minutes prior to the insulin. Transcription was measured by nuclear run-on assay
as described in Material and methods. (A and B). Levels of ERK1/2 phosphorylation
(C) were determined by Western blot of whole cell lysates using phospho-specific
antisera. Representative autoradiograms are shown (A and C) along with mean data
and standard error (SEM) collected from three or more experiments at each time
point (B). Statistical significance: # = P < 0.05 and ## = P < 0.01 versus vehicle
control.

decreased by about half by 15 minutes and was still measur-
ably increased following 120 minutes of continuous insulin
treatment. Pretreatment of cells with PD98059 completely
abolished insulin-activation of ERK1/2 to levels similar to
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levels observed in vehicle controls at all time points tested
(Figure 1C, bottom panel). Since phosphorylation of ERK1/2
was completely blocked by the MEK 1 inhibitor, yet insulin
induction of Gadd45- transcription was not significantly
altered, this indicates that the MEK-ERK pathway alone is
not a primary signaling pathway used by insulin to regulate
Gadd45-B transcription.

A second major signaling pathway activated by insu-
lin, the PI3-K pathway, was then investigated to discover
whether insulin regulated transcription of Gadd45-p was
dependent on this signaling pathway. Insulin treatment
rapidly increased signaling via PI3-K as shown by a rapid
increase in phosphorylation/activation of the PI3-K effector
Akt (Figure 2A). This increase in PI3-K activity by insulin
was blocked by pretreatment with a competitive inhibitor of
PI3-K, LY294002. However, there was no alteration in either
basal or the insulin induction of Gadd45-p transcription in the
presence of two concentrations of this inhibitor (Figure 2B).
A second, less specific inhibitor of PI3-K, wortmannin, which
binds to the catalytic p110 subunit of PI3-K, was also used.
Similar to the action of LY294002, wortmannin alone did
not affect basal transcription levels of Gadd45-f, nor did it
significantly alter insulin-induced Gadd45-§ transcription
(data not shown). Thus, it is unlikely that the PI3-K pathway
alone, and its downstream kinase signaling cascade, is a pri-
mary signaling pathway used by directly insulin in regulation
of Gadd45-B transcription.

We previously demonstrated that the p38 pathway, a par-
allel MAPK signaling pathway regulated by insulin, may
negatively regulate ERK1/2 signaling and gene transcription
in H41IE cells.** A specific inhibitor of p38, SB202190,
was used to assess whether inhibition of p38, (which would
in turn increase ERK1/2 activity) would affect insulin-
induction of Gadd45-p transcription. However, pretreatment
of H4IIE cells with SB202190 alone significantly induced
Gadd45-p transcription (P < 0.01), to a level at least equal
to that observed with insulin alone (Figure 3). Pretreatment
with SB202190 followed by insulin stimulation resulted in
an additive or possibly synergistic induction (7.4-fold) of
Gadd45-B compared to the induction by either insulin or
SB202190 treatment alone (2.4- or 3.5-fold, respectively).
This suggests that the p38 pathway is a negative regulator
of Gadd45-B transcription.

It was then asked whether the additive induction of
Gadd45-B gene transcription by insulin and SB202190
required the activation of the MEK-ERK pathway. For these
studies, H4IIE cells were pretreated with PD98059 prior
to the addition of SB202190 and insulin. This treatment
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Figure 2 Induction of Gadd45-f transcription by insulin is independent of PI3-K
activity. Serum-deprived H4IIE cells were treated with 10 nM insulin alone for 30
minutes or in the presence of the PI3-K inhibitor, LY294002 (at 50 or 100 uM,
as indicated), added 30 minutes prior to the insulin. Whole cell lysates were
prepared and Western analysis was performed. A representative autoradiogram
demonstrating levels of Akt Ser-473 phosphorylation is shown (A). Transcription
rates were measured by nuclear run on assays and (B) the mean data was collected
from three or more experiments at each time point. Statistical significance: ## =
P < 0.0l versus vehicle control.

eliminated the additive/synergistic effect of SB202190 and
insulin on Gadd45-f transcription, decreasing it to the level
of the insulin effect alone (Figure 3). Thus, the SB202190
effect was inhibited by PD98089 addition, and the MEK-
ERK signaling pathway was utilized, as we have recently
described in the study of other insulin regulated genes.**
In contrast, the insulin effect was not blocked by PD98059
when cells were treated with insulin alone or in combination
with SB202190 (Figures 1B and 3), again suggesting that
insulin uses multiple pathways, or a separate pathway.

To determine if insulin-regulation of Gadd45-f transcrip-
tion occurred via insulin activation of mTOR, cells were
pretreated with rapamycin for 60 minutes followed by insulin
stimulation for 30 minutes. Rapamycin itself had no effect
on basal Gadd45-P gene transcription (Figure 4); however,
rapamycin completely inhibited the insulin induction of
Gadd45-f, decreasing transcription to basal levels. This
indicates that the mTOR pathway is important for insulin’s
regulation of Gadd45-B gene expression.
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Figure 3 Effect of MEK| and p38 inhibition on induction of Gadd45-f transcription
by insulin. H4IIE cells were serum-deprived and pretreated with PD98059 (50 uM)
prior to the addition of SB202190 (10 uM) with or without insulin (10 nm) for
30 minutes. Transcription was then measured by nuclear run-on assays. The mean
data was collected from three or more experiments at each time point. Statistical
significance: #, ##, and ###, designate P < 0.05, P < 0.01, and P < 0.001, respectively
versus vehicle control. ** = P < 0.001 versus insulin treated and SB202190 treated
groups.

Discussion

While searching for insulin-induced genes, we selected a
cDNA that was inducible by insulin, and, when sequenced,
this cDNA encoded Gadd45-B, one of a family of growth
arrest and DNA damage-inducible genes. To our knowledge,
this is the first report of an insulin effect on expression of
the Gadd45-p gene.
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Figure 4 Inhibition of insulin-regulated Gadd45-B transcription by rapamycin.
Serum-deprived H4IIE cells were treated with 10 nM insulin alone for 30 minutes
or in the presence of the mTOR inhibitor, rapamycin (10 uM), added 30 minutes
prior to the insulin. Nuclear run-on assays were then performed. The mean data was
collected from three or more experiments at each time point. Statistical significance:
##H## =P < 0.001 versus vehicle control.

We then examined which signaling pathway(s) are used by
insulin in the regulation of Gadd45-B transcription. We have
previously reported on the involvement of the MEK-ERK and
p38 signaling pathways in insulin-regulated gene expression.
For instance, the rapid induction of ERK was absolutely nec-
essary for insulin-induction of c-fos, Pip92, Egr-1, ATF-3,
Insig-1, and Krox20 transcription.**>** We therefore expected
that this would be the case for insulin induction of Gadd45-p3.
However, unlike these other genes, blocking insulin-induced
activation of MEK-ERK had little effect on insulin-regulated
transcription of Gadd45-B, suggesting that the MEK-ERK
signaling pathway was not a major pathway in insulin regula-
tion of Gadd45-B transcription.

This finding, that insulin does not use the MEK-ERK
pathway, contrasts with the published accounts on the
involvement of MEK-ERK in Gadd45 gene expression. For
instance, MEK-ERK is necessary for the full induction of
the Gadd45 promoter following UV-induced DNA damage in
both HCTII6 human colorectal carcinoma cells and MCF-7
human breast cancer cells.’” Also, inhibition of ERK activity
decreases Gadd45 expression in the ovarian carcinoma cell
line A2780 in response to cisplatin-induced DNA damage.*!
The present data indicate that insulin does not regulate
Gadd45 expression via the MEK-ERK pathway; rather, the
data suggest that the p38 pathway is a negative inhibitor of
Gadd45- transcription, and when the p38 pathway is inhib-
ited, both MEK-ERK signaling and Gadd45- expression
are increased. This is similar to our previous observations
that inhibition of p38 activity results in activation of the
MEK-ERK pathway.*> However, when the MEK1 (MEK-
ERK) inhibitor was added prior to addition of SB202190
and insulin, transcription of Gadd45-B was reduced only
to the levels observed with insulin treatment alone. These
data demonstrate that activation of the MEK-ERK pathway
can result in induction of Gadd45-f transcription in the rat
H4IIE hepatoma cell line, and that even though insulin is a
strong activator of the MEK-ERK pathway, this pathway is
not utilized by insulin in the regulation of Gadd45-B tran-
scription in H4IIE cells.

Clearly, inhibition of PI3-K signaling also did not alter
basal or insulin-induced regulation of the Gadd45-B gene.
An additional component of insulin signaling is the mTOR
kinase, which is important in controlling protein synthesis and
cell proliferation in response to changes in nutrients, !>1442-45
The present studies demonstrated that treatment of H4 cells
with rapamycin, an inhibitor of mTOR activity, completely
blocked insulin’s induction of Gadd45- gene transcription.
Since blocking an upstream activator of mTOR, PI3-K,
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had no effect on insulin regulated Gadd45-f transcription,
it suggests that activation of PI3-K is not the main or only
signaling pathway used by insulin to activate mTOR in these
cells. While PI3-K has been found to be a common activator
of mTOR in many cells, in skeletal muscle passive stretch
induces mTOR independent of the PI3-K pathway*® and
other reports have implicated phospholipase D (PLD) in
mTOR signaling.*”* Most evidence suggests that the MEK-
ERK pathway is separate from, but may impinge upon, the
mTOR signaling pathway downstream of the mTOR complex
(mTORC*2),

In summary, our findings suggest that neither the MEK-
ERK nor PI3-K signaling pathways are predominantly used in
insulin regulation of Gadd45-f3. Thus, we propose that some
other insulin-responsive pathway is necessary to activate
mTOR and insulin-dependent mTOR-regulated Gadd45-p
transcription, suggesting a novel mechanism for insulin
regulation of Gadd45-p transcription. An alternative explana-
tion is that insulin can activate mTOR by activating multiple
signaling pathways which converge on mTOR. In this case,
inhibition of either the MEK-ERK or the PI3-K pathways
would be insufficient to completely reduce insulin-induced
mTOR and therefore mTOR-dependent gene expression.
Unfortunately, inhibition of both of these pathways simulta-
neously is not possible due to the toxicity of this combination
treatment to the cell line used. This study, in combination with
our previous studies on insulin-regulated gene expression,
demonstrates the complexity of signaling pathways involved
in insulin regulation of gene expression in general, and in the
regulation of Gadd45-3 expression in particular.

Increased Gadd45-P expression antagonizes TNFo. cyto-
toxicity by suppressing TNFo-induced JNK activation.?’-230
Increased TNFa and activation of the JNK signaling path-
way are known to contribute to chronic states of insulin
resistance.** >’ Our recent work indicates that the JNK path-
way also plays a role in TNFa. dependent injury-induced
acute hepatic insulin resistance.’ By increasing expression
of Gadd45-B, insulin may be able to decrease JNK activity,
decreasing the inflammatory response and insulin resistance.
Thus, we hypothesize that insulin induction of Gadd45-3 gene
expression is a novel mechanism for the anti-inflammatory
effects of insulin.
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