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Chapter 6

Increased in vivo phosphorylation of ATF2 by insulin and high fat diet-induced
insulin resistance in mice
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and D. Margriet Ouwens'

'Departments of Molecular Cell Biology, and *Endocrinology, Leiden University Medical
Centre, Leiden, The Netherlands, and 3Department of Endocrinology/Diabetes Centre, VU
University Medical Centre, Amsterdam, the Netherlands

Activating transcription factor 2 (ATF2) has been identified as a component of insulin
signalling in cultured cells. ATF2-activation has been linked to the regulation of
metabolic enzymes, but also to [-cell apoptosis, inflammation and diabetic
neuropathy. To detail the function of ATF2 in insulin action, we studied the induction
of ATF2-phosphorylation and potential ATF2 target genes by insulin in vivo and
examined the effects of high-fat diet (HFD) induced insulin resistance on these
parameters in mice. Insulin infusion induced a transient increase in ATF2-
phosphorylation in the liver, white adipose tissue (WAT) and pancreas. In the liver,
insulin infusion increased the expression of the potential ATF2-target genes ATF3, c-
jun, Egrl, and SREBP1c. In the absence of insulin, basal ATF2 phosphorylation was
increased in the liver and WAT of HFD-fed mice. This was accompanied by increased
hepatic mRNA levels of the pro-inflammatory cytokines IL1p and TNFaq, in addition
to ATF3, c-jun, Egrl, and SREBP1c. Furthermore, the livers from HFD-fed mice were
resistant for the induction of ATF2-target genes by insulin. We conclude that ATF2
has a dual role in insulin action as it is activated both by insulin infusion and under
conditions of HFD-induced insulin resistance. The induction of pro-inflammatory
cytokines in the liver of HFD-fed mice only suggests a state of chronic inflammation,
which may contribute to the development of type 2 diabetes.

Activating transcription factor 2 (ATF2) is a component of the insulin signaling system. In
Al4 fibroblasts and 3T3L1 adipocytes, insulin rapidly phosphorylates ATF2 on its
transactivation sites, Thr69 and Thr71 (1;2). This phosphorylation results in activation of
the protein and induction of ATF2-target genes, including ATF3, c-jun, Egrl, MKP1 and
SREBPIc (3). Also other studies indicate a role for ATF2 in metabolic control. In skeletal
muscle and brown adipose tissue, the p38/ATF2 pathway regulates the expression of
PPARY coactivator 1o (PGCla) (4;5), and of phosphoenolpyruvate carboxykinase
(PEPCK) in the hepatoma cells (6;7). Finally, studies on the Drosophila fat body, the
equivalent of the mammalian liver and adipose tissue, identify the p38/ATF2/PEPCK
pathway as critical regulator of lipid metabolism (8).

It should be noted, however, that several ATF2-target genes are also highly linked
to the pathogenesis of insulin resistance, B-cell dysfunction and complications found in type
2 diabetes. In B-cells, the ATF2-mediated induction of both the pro-inflammatory cytokine
interleukin 1f (IL1PB) and ATF3, in response to nitric oxide, hyperglycemia, high levels of
palmitate, pro-inflammatory cytokines or endoplasmic reticulum stress, precedes apoptosis
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(9-11). In endothelial cells, Egrl-regulated genes, like platelet-derived growth factor,
TNFaq, intracellular adhesion molecule-1, monocyte chemotactic protein-1, plasminogen
activator inhibitor-1, and vascular adhesion molecule-1, have been implicated in the
development of atherosclerosis (12;13). Finally, uncontrolled activation of SREBP1c has
been implicated in the development of hepatic steatosis, which aggravates insulin resistance
(14;15). Interestingly, also the upstream regulator of ATF2, JNK, has been linked to the
pathogenesis of insulin resistance. Hirosumi et al. found elevated JNK activity in liver,
adipose tissue and skeletal muscle of obese insulin resistant mice, and knockout of Jnkl
(JnkI™™) or inhibition of JNK-activity restores insulin sensitivity in mouse models of
insulin resistance (16;17). It has been proposed that JNK phosphorylates the insulin
receptor substrate 1 on Ser307, thereby inhibiting the insulin-mediated activation of protein
kinase B, a master regulator of glucose metabolism (18;19).

The elevated basal activity of JNK, and the involvement of, amongst others,
ATF3, IL1B, Egrl, and SREBPIc in B-cell apoptosis and insulin resistance, suggests that
deregulation of ATF2 activity may contribute to the pathogenesis of type 2 diabetes
mellitus. The present study aimed at detailing the role of ATF2 in insulin action and insulin
resistance. Therefore, we analyzed the in vivo phosphorylation of ATF2 and the expression
of ATF2-target in insulin target tissues of mice before and after an insulin infusion.
Furthermore, we examined whether these responses were altered under conditions of high-
fat diet-induced insulin resistance and obesity.

Results

Insulin induces ATF2 phosphorylation in vivo. We used male C57/Bl6J mice, fasted
overnight, to examine ATF2 phosphorylation following an infusion with either PBS or
insulin. To ascribe alterations in ATF2 phosphorylation levels to insulin rather than changes
in blood glucose levels, glucose was co-infused to maintain euglycemia. Table 1 lists the
animal characteristics at sacrifice. Mean body weight was similar among the experimental
groups. Plasma insulin levels were 77+10 pmol/L in PBS-infused mice and 435+96 pmol/L
and 467+84 pmol/L following 10 and 20 min of insulin infusion (both P<0.01 versus PBS).
Blood glucose levels were similar in all groups (Table 1).

Table 1. Characteristics of overnight fasted mice following PBS or insulin infusion

PBS 10 min INS 20 min INS

(n=7) (n=6) (n=7)
Body weight at sacrifice (gram) 24.2+0.6  23.6+0.7 22.9+0.7
Fasting blood glucose (mmol/L)  6.2+0.7 5.6+0.6 6.4+0.7
Glucose at sacrifice (mmol/L) 5.7+£0.4 4.7+0.4 4.8+0.4
Insulin at sacrifice (pmol/L.) T7£17 435+96* 467+84*

Values are mean+SEM, * P<0.05 versus PBS

Immunohistochemical staining (IHC) with phospho-ATF2-Thr71 antibodies shows a
nuclear staining throughout the liver and pancreas of insulin-infused mice only (Figure 1).
Notably, in the pancreas, ATF2-Thr71 phosphorylation tended to be enriched in the insulin-
secreting B-cells (Figure 1). Application of the phospho-ATF2-Thr69+71 antibody failed to
produce a detectable signal in IHC (data not shown).
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Figure 1. Immunohistochemical staining of mouse liver and pancreas tissue sections with phospho-ATF2-Thr71
antibodies (ATF2-P71), or hematoxylin (HE; blue) in combination with insulin (brown). Mice were infused with
either PBS or insulin for the indicated times. Photographs are representative of 2-3 independent animals. Full-
colour illustration can be found at page 127.

Instead, we examined the insulin-mediated induction of ATF2-Thr71 and ATF2-Thr69+71
phosphorylation in homogenates of insulin target tissues. Ten minutes after initiation of the
insulin infusion, ATF2-Thr71 phosphorylation levels were increased 2.9-fold in liver
(P<0.05 versus PBS-infusion, Figure 2). At this time point, phosphorylation levels of
ATF2-Thr69+71 were increased 2.6-fold (P<0.05 versus PBS infusion, Figure 2). Hepatic
ATF?2 was still phosphorylated after 20 min insulin infusion (Figure 2), but had returned to
basal levels 2 hrs after insulin infusion (data not shown).

In epididymal adipose tissue, all phospho-ATF2 antibodies detected a band
migrating at ~64-kDa rather than the 70-kDa band observed in the liver. This protein was
also detected by an antibody recognizing the aminoterminal part of ATF2 and was
downregulated upon silencing the ATF2 gene in murine fibroblasts (data not shown).
Therefore, it is likely that the observed immunoreactivity in adipose tissue results from an
alternative splice variant of ATF2 (Chapter 2). The immunoreactivity of phospho-ATF2-
Thr71 was increased by 2.3- and 2.5-fold after 10 and 20 min of insulin infusion,
respectively (P<0.05; Figure 2). In contrast to the liver, ATF2-Thr69+71 phosphorylation
was not significantly affected by insulin in adipose tissue (Figure 2).

Because of the multiple cell types present in the pancreas, we used cultured rat
INS-1E insulinoma cells to confirm insulin-mediated ATF2 phosphorylation in insulin-
secreting B-cells. Insulin rapidly increased both ATF2-Thr71- and ATF2-Thr69+71-
phosphorylation, with peak levels occurring at 5 min after insulin addition, followed by a
gradual decrease after 15 and 30 min (Figure 2). The increases in ATF2 phosphorylation by
western blot could not be ascribed to major changes in ATF2 protein levels (Figure 2).
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In heart and skeletal muscle, we could not detect the induction of ATF2 phosphorylation
following insulin infusion, despite the presence of ATF2 protein in these tissues (data not
shown). Activation of insulin signalling in all tissues was confirmed by increased
phosphorylation of the PKB/Akt substrate PRAS40 (20) in insulin-infused animals (Figure

2, data not shown).
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Figure 2. A. Phosphorylation of ATF2 and PRAS40, and expression of ATF2 in mouse liver and adipose tissue
homogenates following infusion with PBS or insulin, and INS-1E cells, following incubation with 1 uM insulin
for the indicated amounts of time. Western blots are representative of 7 independent mice per group or 2
independent experiments and verified for equal loading by PonceauS staining (not shown). B/C. Quantification of
ATF2 phosphorylation in the liver (B) and adipose tissue (C). The relative ATF2 phosphorylation after PBS
infusion (basal) was set at 100. Data are expressed as mean + SEM of 7 independent mice per group. *, P<0.05

versus basal.
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Induction of ATF2-target genes by insulin. Using real-time PCR, we examined the
expression of 10 potential ATF2-target genes, i.e. ATF3, c-jun, Egrl, HIF1a, IL13, MKPI,
PEPCK, PGCla, SREBPI1c, TNFo in mouse livers. Livers were isolated from chow-fed
mice, after an overnight fast or 2 h after initiation of a hyperinsulinemic euglycemic clamp.
Table 2 shows that the mean body weight was similar between the experimental groups.
Plasma insulin levels were 136+18 pmol/L in PBS-infused mice and 4544108 pmol/L
following 2 h hyperinsulinemia. Blood glucose levels were similar between the groups
(Table 2).

As shown in Figure 3, hyperinsulinemia increased the expression of ATF3, c-jun,
Egrl and SREBPIc by 1.4-, 1.4-, 2.7- and 3.0 fold (all P<0.05 vs basal), respectively.
Furthermore, insulin lowered the levels of 4 genes (HIF1o, PEPCK, PGCla and TNFa)
and did not affect the abundance of IL1B and MKP1 (Figure 3).
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Figure 3. Effect of hyperinsulinemia on the expression of ATF2-target genes. Mice, fasted overnight, were
sacrificed before (basal; open bars) or 2 h after initiation of a hyperinsulinemic euglycemic clamp (INS; black
bars). Gene expression levels in the liver were determined by real-time PCR. The relative mRNA abundance (Ra)
in the liver from fasted mice was set at 100. Data are expressed as mean + SEM. *, P<(.05 versus basal (n=6-8
mice/group).
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Table 2. Body and plasma characteristics before and after initiation of a hyperinsulinemic
euglycemic clamp in mice fed a chow or HED for 6 weeks.

basal hyperinsulinemia
chow HFD Chow HFD
(n=7) (n=7) (n=5) (n=6)

Body weight at sacrifice (gram) 24.3+0.6 28.1+1.0* 26.1x1.1 30.6+1.3*
Fasting blood glucose (mmol/L) 4.2+0.4 4.2+0.2 4.6+0.5 4.4+0.2
Fasting plasma insulin (pmol/L)  136+18  190+42*  139+£25  185+31*
Glucose at sacrifice (mmol/L) 4.2+0.4 4.2+0.2 4.4+0.2 4.2+0.2
Insulin at sacrifice (pmol/L) 136+£18 190£42*% 454108 592+188

Values are mean+SEM, *, P<0.05 versus chow

Insulin resistance increases basal ATF2 phosphorylation in mice. The effects of insulin
resistance on ATF2-phosphorylation were determined in tissues from high-fat diet (HFD)
fed mice (21). Table 2 shows that compared to chow fed mice, a 6-wk exposure to a HFD
induced obesity. Whereas fasting blood glucose levels were not affected by high-fat
feeding, fasting plasma insulin levels were elevated in HFD-fed mice. We previously
reported that HFD-feeding blunted the suppression of hepatic glucose production by insulin
(21), indicating insulin resistance.
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Figure 4. Western blot (A) and quantification (B) ATF2 phosphorylation in the liver and adipose tissue of chow
(open bars) or high-fat diet fed mice (black bars). Tissue homogenates of were analyzed by immunoblotting with
antibodies recognizing total ATF2, phospho-ATF2-Thr71 (ATF2-P71) or phospho-ATF2-Thr69+71 (ATF2-
P69+71) antibodies. PonceauS staining confirmed equal loading of the Western blots (not shown). The relative
ATF2 phosphorylation in chow fed mice was set at 100. Data are expressed as mean+SEM of 4 independent mice
per group. *, P<0.05 versus chow.
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In the liver, HFD-feeding induced a 4.9- and 3.6-fold increase in ATF2-Thr71 and ATF2-
Thr69+71 phosphorylation, respectively (Figure 4; P<0.005 and P<0.01 respectively). Also
in epididymal adipose tissue, phosphorylation levels of ATF2-Thr71 and ATF2-Thr69+71
were increased in HFD-fed mice by 1.5- (P<0.001) and 1.8-fold (P<0.005), respectively
(Figure 4). This increase in basal levels of phosphorylated ATF2 could not be ascribed to
alterations in ATF2 protein expression (Figure 4).

Increased mRNA levels of ATF2-target genes in the liver of HFD-fed mice. We also
determined whether the elevated levels of phosphorylated ATF2 in livers from HFD-fed
mice were accompanied by alterations in the expression of potential ATF2-target genes.
Figure 5A shows that the abundance of ATF3, c-jun, Egrl, IL13, SREBPI1c and TNFa was
1.7-, 1.8-, 4.0-, 1.7-, 12.8- and 2.1-fold higher, respectively, in livers from HFD- versus
CH-fed mice (all P<0.05).
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Figure 5. Effect of high-fat feeding on the expression of ATF2-target genes. A. Gene expression levels determined
by real-time PCR in livers, isolated after an overnight fast, from mice fed a chow (open bars) or a high-fat diet
(black bars). The relative mRNA abundance (Ra) in the liver from chow-fed mice was set at 100. Data are
expressed as mean £ SEM. *, P<0.05 versus basal (n=6-8 mice/group). B. Effect of 2h hyperinsulinemia on the
expression of ATF2 target genes in chow (open bars) and high-fat diet (black bars) fed mice. The effect of insulin
is expressed as fold over basal. Data are mean + SEM. *, P<0.05 versus basal (n=6-8 mice/group).
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HFD-feeding had no effect on the expression of HIF1a, MKP1, PEPCK and PGCla
mRNA (Figure 5A). Except for MKP1, hyperinsulinemia did not significantly alter the
expression of the examined genes, indicating that HFD-induced insulin resistance also
affects insulin regulation of the ATF2 signaling pathway (Figure 5B).

Discussion

In this study, we examined the effects of insulin and HFD-feeding on the phosphorylation
of the transcription factor ATF2. We show that insulin infusion induced phosphorylation of
ATF2 on Thr69 and Thr71 in the liver, epididymal adipose tissue and the pancreas, but not
in cardiac and skeletal muscle. In the liver, insulin increased the expression of the ATF2-
regulated genes ATF3, c-jun, Egrl and SREBPlc. Compared to chow-fed mice, HFD-
feeding increased ATF2 phosphorylation in liver and adipose tissue. Elevated mRNA-levels
of the (putative) ATF2-target genes ATF3, c-jun, Egr-1, SREBPIc, but also of the pro-
inflammatory cytokines IL1J3 and TNFa accompanied these HFD-induced changes in the
liver. Finally, livers from HFD-fed mice were resistant for the induction of ATF2-target
genes in response to insulin.

The present study extends our previous findings (1;2) and identifies ATF2 as a
component of physiological insulin action in vivo. The study described here was performed
with insulin concentrations normally achieved following food intake and under euglycemic
conditions, thereby excluding the possibility that the observed phosphorylation of ATF2
results from alterations in plasma glucose levels.

Strikingly, in the fasted state with low plasma concentrations of insulin, the levels
of phosphorylated ATF2 were markedly increased in both the liver and epididymal adipose
tissue from insulin resistant HFD-fed mice. This indicates a role for ATF2 both in insulin
action and insulin resistance. The predominant kinases regulating ATF2 phosphorylation
are ERK1/2, p38 and JNK (1;2;22-25). Numerous studies have demonstrated elevated
activity of predominantly JNK under conditions of insulin resistance (16;17;19;26;27).
Therefore, the sustained ATF2 phosphorylation in tissues from HFD-fed animals is likely to
result from elevated JNK-activity.

To detail the dual function of ATF2 in insulin action and insulin resistance, the
expression levels of potential downstream targets of ATF2 were determined in the livers
from CH- and HFD-fed mice. Four genes that have been linked with ATF2-activation in
previous reports, i.e. HIFla (28), PEPCK (6-8), PGCla (4;5) and MKP1 (28;29), were
neither induced by hyperinsulinemia in CH-fed mice nor by HFD-feeding. Tissue-specific
differences in the expression of ATF2 isoforms which affect the composition of ATF2-
containing heterodimers may contribute to the absence of ATF2-regulation of these genes.
Furthermore, also other insulin- or HFD-induced signaling pathways may be dominant over
the ATF2-pathway. For example, the PKB/FOXO pathway, which is strongly activated by
insulin, has been shown to lower the expression of PEPCK (30) and PGCla (31).

Intriguingly, both HFD-feeding and hyperinsulinemia in CH-fed mice increased
the abundance of 4 potential ATF2-regulated transcription factors, i.e. ATF3, c-jun, Egrl
and SREBP1c mRNA (3;22;28;32). It should be noted, however, that the magnitude of the
induction caused by HFD-feeding, in particular of Egrl and SREBP1c and to a lesser extent
ATF3 and c-jun, is much higher than that caused by hyperinsulinemia in CH-fed mice.
Furthermore, IL1J and TNFa mRNA levels were increased in the livers of HFD-fed mice
only.
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It is unknown whether these changes can be ascribed to the duration of ATF2
phosphorylation, which is transient in response to insulin and continuous after HFD-
feeding, or to changes in the composition of ATF2-containing dimers. In this respect, it
should be noted that cJun is not only an important dimer partner of ATF2 (33), but that it is
also phosphorylated by JNK (22;23). Thus, increases in both the phosphorylation and
expression of c-jun may affect the activity and formation of cJun/ATF2 heterodimers in
HFD-fed mice.

The identification of ATF3, like ATF2, a member of the ATF/CREB family of
transcription factors (34), as insulin-regulated gene is surprising. Although ATF3 has been
implicated in the downregulation of PEPCK (35), induction of ATF3 is strongly linked to
inducers of (endoplasmic reticulum) stress and apoptosis. Elevated levels of ATF3 in B-
cells, caused by exposure to hyperglycemia, IL1 or nitric oxide (36), induce apoptosis via
repression of the IRS2 gene (37). Furthermore, ATF3 is linked to mitochondrial
dysfunction in C2C12 cells and negatively regulates the expression of adiponectin in
3T3L1 adipocytes (38;39).

Egrl is linked to the regulation of cell proliferation and differentiation, amongst
others by the induction of the homeodomain transcription factor pancreas duodenum
homeobox-1 (PDX1), a key regulator of insulin expression and pancreatic [-cell
development, function and survival (40). Also insulin signalling itself is critical for B-cell
proliferation (41). Thus, an impaired induction of Egrl by insulin may result in a decreased
ability of the pancreas to compensate for the increased demand for insulin secretion under
conditions of insulin resistance. Deregulation of Egrl activity has further been linked to the
development of atherosclerosis through enhanced expression of Egrl-target genes in
endothelial cells (12;13) and adipocytes (42;43).

SREBPIc is a pivotal regulator of glucose and lipid metabolism, amongst others
by inducing the expression of glucokinase and genes involved in lipogenesis (14;44). Both
insulin and HFD-feeding are known inducers of SREBPIlc in various tissues (45;46).
However, unregulated activation of SREBP1c in the liver leads to hepatic steatosis, which
aggravates insulin resistance (16).

The pathogenesis of type 2 diabetes is closely associated with chronic
inflammation as illustrated by abnormal pro-inflammatory cytokine production by various
tissues (47). The selective increases in IL13 and TNFa in the livers of HFD-fed mice only
support these findings. These pro-inflammatory cytokines are not only target of ATF2, but
also potent inducers of ATF2 activation. A limitation of this study is that we could not
determine the plasma levels of IL1B and TNFa. However, it seems plausible that increases
in circulating levels of pro-inflammatory cytokines may underlie the increased
phosphorylation of ATF2 in the liver and WAT of HFD-fed mice, as has been observed by
others (27;47).

Although the use of animal models can provide valuable information on
deregulation of ATF2 under conditions of insulin resistance when compared to cultured cell
lines, a major limitation is that we cannot formally ascribe the observed changes in gene
expression to increases in ATF2 phosphorylation. Furthermore, we cannot exclude that the
increased expression of ILIP and TNFa in HFD-fed mice results from Kupffer cells or
infiltrated macrophages (27;47). To resolve these issues, studies on mice with tissue-
specific ablation of the ATF2 gene are required.

We conclude that we have identified ATF2 as a component of the insulin
signalling system in the liver, pancreas and WAT. However, we also show that ATF2-
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activity is elevated in the liver and WAT of HFD-fed mice, which may contribute to the
development of type 2 diabetes. This dual role of ATF2 suggests that regulation of ATF2
activity plays a critical role in insulin action and insulin resistance.

Materials and methods

Animals. The investigation conformed to the Guide for the Care and Use of Laboratory
Animals as published by the NIH (NIH Publication No. 85-23, revised 1996) and the
regulations of the Institutional Animal Care and Use Committee.

The effects of insulin infusion on ATF2-phosphorylation were studied in adult
male C57B16J mice. Overnight fasted mice were anaesthetized by intraperitoneal injection
with a combination of 6.25 mg/kg body weight (BW) acetylpromazine (Sanofi Santé
Nutrition Animale, Libourne Cedex, France), 6.25 mg/kg BW midazolam (Roche,
Mijdrecht, Netherlands) and 0.3125 mg/kg BW fentanyl (Janssen-Cilag, Tilburg,
Netherlands). Insulin was infused through the tail-vein at 24.5 pmol/kg BW/min as
described (48). Glucose was co-infused with insulin at 105 pmol/min to maintain
euglycemia. At 10 and 20 min following initiation of the insulin infusion, mice were
sacrificed by cervical dislocation. Control animals were sacrificed following infusion with
PBS. After sacrifice, organs were removed and either immersion-fixed in 4% buffered
formaldehyde solution, or snap-frozen in liquid nitrogen and stored at —80°C until further
use. The effects of insulin resistance were examined in high-fat diet fat mice. Male
C57B16/J mice were randomly divided in two groups and fed either standard lab chow or a
high-fat diet (HFD). After 6 weeks on the diet, mice were sacrificed following infusion
with PBS or 2-hrs after initiation of a hyperinsulinemic euglycemic clamp (insulin infusion
rate: 24.5 pmol/kg BW/min) as described (21). Then, tissues were removed, snap-frozen in
liquid nitrogen and stored at -80°C until further use.

Diets. High-fat diet was obtained from Arie Blok Diervoeding (Woerden, The Netherlands,
cat#4031.05) and consisted (in % of total energy) of 44% bovine fat, 19% protein and 37%
carbohydrate. Chow diet consisted of 32% proteins, 54% carbohydrates and 14% crude fat.
Both diets were supplemented with vitamins and microelements.

Plasma determinations. Blood glucose was measured using a FreeStyle hand glucometer
(Therasense, Disetronic Medical Systems, Vianen, Netherlands). Plasma insulin levels were
determined using ELISA (Ultrasensitive mouse insulin kit, Mercodia AB, Uppsala,
Sweden).

Cell culture. Ins-1E insulinoma cells (49) were kindly provided by Dr. C. Wollheim
(University Medical Center, Geneva, Switzerland) and cultured in RPMI 1640
supplemented with 9% fetal bovine serum (FBS), 25 mM HEPES, glutamax, 1 mM sodium
pyruvate and antibiotics.

Immunohistochemistry. Fixed tissues were prepared by routine paraffin embedding,
sections were cut and mounted on slides. Sections were deparaffinized and washed with
water for 5 min. Antigen retrieval was performed for ATF2 by boiling in 10 mM citrate
buffer at pH 6 for 10 min followed by cooling for 20 min. Sections were washed three
times for 5 minutes with water and endogenous peroxidase activity was blocked in 1%
H,0, for 20 min. After washing in water and PBS, sections were preincubated with 5%
normal goat serum in PBS for 1 h. Incubation with ATF2-phospho-Thr71 antibodies
(#9221; Cell Signaling Technology, Beverly, MA, USA) (1:50) was overnight at 4°C (50).
Sections were then washed with PBS, incubated with rabbit Envision-HRP for 30 min,
washed again and developed using DAB with 0.7% NiCl, for 10 min (black/blue
precipitate). Separate sections were counterstained with hematoxylin (blue) or in case of the
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pancreas with insulin (brown) and hematoxylin (blue) (51). Therefore, sections were
incubated with 1% H,0,, washed and incubated overnight with the insulin-antibody (Dako,
Glostrup, Denmark) (1:200) at room temperature, followed by washing with PBS,
incubation with rabbit Envision-HRP for 30 min, washing and developing using DAB for
10 min. Sections were inspected using a Leica DM-LB light microscope (Leica, Rijswijk,
The Netherlands) and digital images were captured using a Leica DC500 digital camera and
software.

Western blotting. Cell- and tissue homogenates were prepared in 30 mM Tris.Cl, pH 7.5,
150 mM NacCl, 0.5% Triton X-100, 0.5% sodium deoxycholate, 1% SDS, 1 mM Naz;VO,,
10 mM NaF and protease inhibitors (Complete, Roche) and cleared by centrifugation
(13.200 rpm; 15 min, 4°C). Protein content was determined using a BCA protein assay kit
(Pierce, Rockford, IL, USA). Expression and phosphorylation of proteins was determined
by SDS-PAGE and immunoblotting (2). The antibodies used were: anti-phospho-Thr71-
ATF2 (#9221), anti-phospho-Thr69+71-ATF2 (#9225) (both from Cell Signaling
Technology, Beverly, MA, USA), anti-ATF2 (C19) (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA) and anti-phospho-PRAS40-Thr246 (#44-100G) (Biosource International,
Camarillo, CA, USA). PonceauS staining of the membranes confirmed correct protein
transfer and equal loading. Bound antibodies were visualized by enhanced
chemiluminescence. Immunoblots were quantified by densitometric analysis of the films
(52).

RNA extraction and real-time PCR analysis. Frozen tissue biopsies (~30 mg) were
homogenized in RLT-buffer (Qiagen, Venlo, The Netherlands), whereafter total RNA was
extracted using RNeasy mini columns (Qiagen, Venlo, The Netherlands). DNase I digestion
was performed to ensure complete removal of DNA. Purity and quantity of nucleic acids
was determined by spectrophotometric analysis at 260 and 280 nm. Integrity of the RNA
was verified by agarose gel electrophoresis. A total of 1.0 pg RNA was transcribed into
complementary DNA using a Superscript'™ first strand synthesis kit (Invitrogen, Breda,
The Netherlands) using oligo-dT priming. mRNA abundance was measured using real-time
PCR. Primers are listed in Table 3 and were designed using Primer Express version 3.0
software (Applied Biosystems, Foster City, CA, USA). Reactions were carried out in the
presence of 1x SYBR® Green PCR Master Mix (Applied Biosystems), 0.5uM of each
forward and reverse primer on a ABI PRISM® 7900HT Sequence Detection System
(Applied Biosystems) with the following cycle conditions: 95°C for 10 min followed by 40
cycles of 95°C for 157, 60°C for 30” and 72°C for 30”. The threshold cycle number (C,) was
calculated using SDS software version 2.2 (Applied Biosystems) and an automated setting
of the baseline. Data were analyzed using a comparative critical threshold (C;) method in
which the amount of target is normalized to the amount of endogenous control using the
equation R,=2*" in which R, = the relative mRNA abundance and AC=C(gene of
interest)-C(endogenous control) and C(endogenous control) is calculated as the
geomean(C,) of B-actin and EFla. The expression of these genes was not affected by the
experimental conditions used in this study.

Statistical analysis. Data are expressed as means + SE. Differences between groups were
determined by unpaired students two-tailed #-test using SPSS version 16.0. P<0.05 was
considered statistically significant.
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Table 3. Sequences of primers used for real-time PCR

Gene name Accession number Forward primer (5’->3’) Reverse primer (5’->3’)
ATF2 NM_001025093 gactccaacgccaacaagat aggtaaagggctgtcctggt
ATF3 NM_007498 aacacctctgecatc ttatttctttctcgeegecte
B-actin NM_007393 agagggaaatcgtgctgac caatagtgatgacctggecgt
c-jun NM_010591 caacatgctcagggaacaggt tgcgttagcatgagttggca
EFla NM_010106 aattggaggcattggcac aaaggtaaccaccatgccagg
Egrl NM_007913 aacactttgtggectgaacc aggcagaggaagacgatgaa
ILIB NM_008361 caggcaggcagtatcactca aggtgctcatgtcctcatee
MKP1 NM_013642 ctcatgggagctggtcctta gcgaagaaactgcctcaaac
PEPCK NM_011044 tctgaggccacagcetgctg gggtcgeatggcaaagg
PGCla NM_008904 tttttggtgaaattgaggaatge cggtaggtgatgaaaccatagct
SREBPI1c NM_011480 ggagccatggattgcacatt cctgtctcacccccagceata
TNFo NM_013693 gtccccaaagggatgagaag cacttggtggtttgctacga
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