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Abstract

Diabetes and obesity are associated with activation of endoplasmic reticulum (ER) stress; however
a direct link between ER stress and increased hepatic gluconeogenesis remains unclear. Here we
show that ER stress triggers a significant increase in expression of CCAAT/enhancer-binding protein
(C/EBP) and phosphorylated CREB together with reduced phospho-AMP-activated protein kinase
(pPAMPK) in hepatoma cells. ER stress contributed to transcriptional activation of the gluconeogenic
phosphoenolpyruvate carboxykinase (PEPCK) promoter in Huh7 and HepG2 cells via cAMP binding
motif (CRE site). Chromatin immunoprecipitation assays demonstrate that C/EBP is recruited to
the PEPCK promoter during ER stress and is reversed by pre-treatment with a JNK inhibitor that
relieves ER stress. C/EBP but not pPCREB were suppressed by the AMPK-activator AICAR or
constitutively active AMPK, while dominant negative AMPK increased C/EBPJ expression. These
data suggest that ER stress triggers suppression of AMPK while increasing C/EBPJ and pCREB
expression which activates PEPCK gene transcription. Understanding how ER stress suppresses
AMPK activation and increases C/EBPp expression could lead to a potentially novel pathway for
treatment of diabetes.
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1. Introduction

Type 2 diabetes is one of the most prevalent chronic metabolic diseases and a principal source
of morbidity and mortality in contemporary society (Hossain et al., 2007). Increased hepatic
gluconeogenesis is a hallmark feature of type 2 diabetes, and thus factors (dietary, hormonal,
and genetic) that contribute to regulation of the key gluconeogenic enzyme
phosphoenolpyruvate carboxykinase (PEPCK) are the subject of intense investigation. It is
now widely acknowledged that endoplasmic reticulum (ER) stress is induced in various tissues
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including liver during obesity and diabetes and may play crucial roles in the insulin resistance
pathways (Nakatani etal., 2005; Ozcan etal., 2006). Indeed, reversing ER stress using chemical
chaperones, such as 4-phenylbutyrate (PBA), have been shown to lower blood glucose in
animals (Ozcan et al., 2006) and improves insulin resistance in type 2 diabetes (Ozawa et al.,
2005). However, the molecular mechanisms involved in the regulation of gluconeogenesis
during ER stress and their links with diabetes are less clear.

The ER is a membranous network that synthesizes various secretory and membrane proteins.
Under nutrient overload conditions, an increase in misfolded protein levels can occur whereby
the ER fails to fold and export newly synthesized proteins which induces ER stress signaling
in order to reverse the protein overload (Harding et al., 1999; Wang et al., 1998). While recent
studies reveal the importance of ER stress in insulin resistance and hepatic steatosis, it remains
unknown how ER stress modulates transcriptional events that control hepatic gluconeogenesis.
AMP-activated protein kinase (AMPK) is an important energy sensor involved in the regulation
of hepatic gluconeogenesis. AMPK suppresses gluconeogenesis in part by suppressing major
transcription factors that control PEPCK gene expression, such as HNF4o and FOXO01 (Barthel
et al., 2002; Horike et al., 2008; Leclerc et al., 2001). Recently, phosphorylation of CREB-
regulated transcription coactivator 2 (CRTC2), also referred to as transducer of regulated
CREB activity 2 (TORC2) and a co-activator of cAMP-responsive element binding (CREB)
protein, was reported to enter the nucleus under conditions of ER stress (Wang et al., 2009);
while AMPK was reported to reduce PEPCK gene expression (Horike et al., 2008; Screaton
et al., 2004; Shaw et al., 2005).

On the other hand, stress kinase signaling such as p38 MAPK is responsible for stimulation of
several transcription factors, for example ATF2, CREB, and C/EBPJ, which up-regulate
PEPCK gene transcription (Baan et al., 2006; Chen et al., 1998; Yemelyanov et al., 2007). Park
et al. reported a role for C/EBP at the cCAMP-response element (CRE) in the induction of
PEPCK by cAMP (Park et al., 1993). C/EBPS is rapidly induced by glucagon and binds avidly
to the CRE (Arizmendi et al., 1999; Nizielski et al., 1996). Indeed, mice with a global C/
EBPp knockout show a phenotype similar to liver-specific CREB knockout mice (Herzig et
al., 2001), including reduced gluconeogenesis, fasting hypoglycemia, and reduced expression
of gluconeogenic genes (Arizmendi et al., 1999; Liu et al., 1999). When crossed with
genetically obese diabetic Leprd®/dd mice, C/EBPp x Leprd®/db double knockout mice
demonstrate reduced fasting blood glucose (Schroeder-Gloeckler et al., 2007), consistent with
a role for C/EBPS in controlling PEPCK gene transcription and gluconeogenesis. Here we
demonstrate that ER stress, in addition to increasing C/EBPB and pCREB expression,
suppresses AMPK activation which together increases PEPCK gene transcription. We also
demonstrate that C/EBP is highly sensitive to AMPK activation, suggesting a possible novel
pathway whereby AMPK activation suppresses C/EBP expression and inhibits transcriptional
activation of the PEPCK promoter in diabetes.

2. Materials and methods

2.1. Reagents

Primary antibodies used in this study were C/EBPJ (sc-150) and actin (sc-7210) from Santa
Cruz Biotechnology (Santa Cruz, CA); CREB (9192), AMPK (2532), pAMPK-Thr172 (2531),
pCREB-Ser133 (9191), and pACC (3661) from Cell Signaling Technology (Danvers, MA).
AICAR was obtained from Toronto Research Chemicals, Inc. (North York, Ontario, Canada),
thapsigargin (TPG), tunicamycin (TUN), sodium azide, and FBS from Sigma-Aldrich (St.
Louis, MO), and JNK inhibitor from A.G. Scientific (San Diego, CA). Culture media and
supplements were obtained from Mediatech, Inc. (Herndon, VA).
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2.2. Cell culture and Western blot analysis

Rat hepatoma FAO (Sigma), human hepatoma HepG2 (ATCC, Manassas, VA), and Huh7 cells
(from C. Rice, Rockefeller University) were cultured in MEM or DMEM media, pH 7.4, 1x
nonessential amino acids, and 10% supplemented with 25 mM NaHCO3, 4 mM glutamine,
FBS and maintained at 37°C in a 5% CO» incubator. In viral experiments, cells were serum-
starved overnight and infected with adenovirus containing dominant negative AMPK (Ad-DN-
AMPK), constitutively active AMPK (Ad-CA-AMPK), or Ad-GFP each at 50 pfu/cell as
described previously (Minokoshi et al., 2004), or Ad-XBP1-unspliced or Ad-XBP1-spliced at
50 pfu/cell (Ozcan et al., 2004) for 24 h prior to study. Cytosolic and nuclear extracts were
prepared and Western blot analysis performed as described previously (Choudhury and Shukla,
2008; Rahman et al., 2007).

2.3. Luciferase activity assay

Cultures were set up 24 h prior to transfections in 6-well plates at 3 x 10° cells/well. Cells were
transfected with the 490-Luc luciferase expression vector containing the functional -490-
PEPCK promoter (Routes et al., 2000) or the CRE-Luc luciferase expression vector containing
the PEPCK promoter with a mutated CRE element (Liu et al., 1991) (constructs from D.
Klemm, University of Colorado) for 48 h using Fugene 6 (Roche Applied Science,
Indianapolis, IN) at 2:1 DNA/lipid ratio. TPG treatment (300 nM) was carried out for 2 h before
harvesting the cells for luciferase assays using a dual luciferase reporter assay system
(Promega, Madison, WI) as described (Qadri et al., 2009).

2.4. ChIP assay

The association of C/EBP protein with the PEPCK promoter during ER stress was measured
by chromatin immunoprecipitation (ChlIP). FAO cells were treated with 300 nM TPG alone or
in combination with 90 nM JNK inhibitor and ChIP assays were performed according to
manufacturer’s protocol (Upstate Biotechnology, Lake Placid, NY). The shearing condition
was optimized until it gave a smear of DNA in the desired range of 200-1000 bp. After
determining the optimal conditions, unsheared and sheared chromatin from the cell was
electrophoresed through a 2% agarose gel and stained with ethidium bromide. The majority of
the DNA was sheared to a length between 200 and 1000 bp. ChiPed DNA was used in real
time quantitative PCR to measure PEPCK and GAPDH. The primers used were as follows:
PEPCK (from —209 to +66) 5'-GAGGCCTCCCAACATTCAT-3' & 5'-
CTCAGAGCGTCTCGCCGGA-3'and GAPDH5'-ACCACAGTCCATGCCATCAC-3' & 5'-
TCCACCACCCTGTTGCTGTA-3..

2.5. Statistical analysis

Data were combined from three separate experiments. Statistical analyses were performed
using a standard one-way ANOVA (Newman-Keuls Multiple Comparison Test) or Student’s
t test. Differences with P < 0.05 were considered significant.

3. Results

3.1. Exposure to ER stress inhibits AMPK activity

Using the ER stress activator TPG (300 nM), we found that it suppressed phosphorylation of
AMPK in Huh7 cells, a human hepatocellular carcinoma cell line (Fig. 1A), and in the rodent-
derived FAO cell line (500 nm and 1 uM TPG treatment, Fig. 1B). To examine the down-
stream effectors of ER stress, we used a specific ER stress-induced protein X-box-binding
protein 1 (XBP1) on AMPK activation. XBP1 is a key transcription factor that when spliced
increases the expression of proteins that supply the ER with resident-folding assistants, thereby
rebalancing protein load with increased folding capacity in the ER (Back et al., 2005) and
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relieving ER stress (Ozcan et al., 2004). Cells infected with Ad-XBP1-spliced showed
increased pAMPK compared to unspliced XBP1 adenovirus.

To further examine the interaction between ER stress and AMPK, Huh7 cells were treated with
AICAR, a pharmacological activator of AMPK. AICAR promptly increased pAMPK in cells
treated for 2 h (Fig. 1C); however, TPG suppressed pAMPK either alone or in the presence of
AICAR. In cells infected with Ad-XBP1-spliced, pAMPK tended to increase, however
pAMPK was again suppressed in the presence of TPG + Ad-XBP1-spliced. The addition of
AICAR to cells expressing Ad-XBP1-spliced significantly increased pAMPK levels above
AICAR alone.

3.2. ER stress increases C/EBPB and CREB expression

We next examined the effects of ER stress on C/EBPf, a member of the C/EBP family which
regulates transcription of genes that control gluconeogenesis, lipogenesis, and the
inflammatory response in liver (Chen et al., 2005; Li et al., 2008; Oyadomari et al., 2008;
Rahman et al., 2007). C/EBPB mRNA translation produces a full length transcriptional
activator form, liver activating protein (LAP), and the truncated inhibitory form, liver
inhibitory protein (LIP). FAO cells were treated with various inducers of ER stress. Within 2
h, 300 nM TPG, 5 pg/ml TUN, and 1 mM sodium azide all significantly increased the levels
of LAP compared to untreated cells (*P < 0.05, Fig. 2A). We also examined the effect of ER
stress on CREB and pCREB expression and found that TPG stimulated phosphorylation of
CREB as well as CREB protein levels in nuclear extracts (Fig. 2B).

3.3. AMPK regulates C/EBP levels

To determine whether AMPK regulates C/EBPJ expression, FAO cells were infected with Ad-
DN-AMPK, Ad-CA-AMPK, or Ad-GFP as control adenovirus and treated with or without 2
mM AICAR for 24 h. Over-expression of AMPK-DN led to a large increase in expression of
both isoforms of LAP (33 and 38 kD) and the 16 kD LIP isoform (Fig. 3A), while AICAR
showed no further increase in C/EBPJ expression. By contrast, over-expression of AMPK-
CA, ineither the absence or presence of 2 mM AICAR, dramatically suppressed the expression
of both the LAP and LIP isoforms of C/EBPp. B-actin levels remained unchanged in all cases.
Using a lower titer of Ad-DN-AMPK in cells (10 pfu/cell, Fig. 3B), we demonstrated that
AMPK-DN increased LAP protein expression but that AICAR was capable of suppressing
LAP expression. Simultaneously, we also showed that AICAR (500 uM for 24 h) alone
increased pCREB and acetyl CoA carboxylase (pACC, one of the targets of AMPK)
phosphorylation (Fig. 3C).

3.4. Involvement of AMPK activity and ER stress in C/EBP regulation

To further determine whether down-regulation of the AMPK pathway was the major
mechanism for ER stress to induce C/EBPJ protein levels, we examined the effects of the
pAMPK inhibitor compound C with and without the ER stress inducer TPG in Huh7 cells.
Cells treated with 10 uM compound C alone tended to show increased C/EBPJ (Fig. 4A),
consistent with the effect seen using DN-AMPK in Fig. 3. When compound C was combined
with TPG, C/EBP increased significantly (P < 0.05) compared to either control cells or cells
treated with TPG alone, suggesting that C/EBP is sensitive to both AMPK inhibition and ER
stress. As expected, compound C reduced pAMPK activation under all conditions tested (Fig.
4B).

3.5. ER stress activates the PEPCK promoter via CRE site

Since C/EBP is stimulated by agents that induce ER stress, it was important to determine
whether the expression of gluconeogenic genes downstream of C/EBP, such as PEPCK, was
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also increased under ER stress. TPG increased PEPCK reporter gene transcription in both Huh7
and HepG2 cell lines containing the functional 490 bp PEPCK promoter with the CRE site
intact (490-Luc) by ~1.5- and 3-fold respectively (P < 0.05, Fig. 5A). However, when the 490
bp PEPCK promoter containing a mutant CRE (PEPCK CRE-mutant-Luc) construct was used,
there was low basal luciferase activity and no significant promoter activation by TPG in either
cell line. We also demonstrated that the endogenous PEPCK mRNA was inducible by 1.8-fold
with the TPG treatment in FAO cells (Fig. 5A inset).

3.6. C/EBPB is recruited to the PEPCK promoter during ER stress

The ability of ER stress to increase C/EBPf and stimulate PEPCK promoter activity prompted
us to examine C/EBP recruitment to endogenous PEPCK chromatin templates under ER
stress. Using ChIP and real time quantitative PCR analysis, C/EBPJ occupancy over the
PEPCK promoter increased significantly in FAO cells after 2 h TPG (300 nM) treatment (P <
0.05, Fig. 5B). However, when the JNK inhibitor SP600125 (90 mM) was added to relieve the
TPG-induced ER stress (Verma and Datta, 2010), very negligible C/EBPJ was bound to the
PEPCK promoter (P < 0.05). GAPDH remained unchanged for all treatments. As a technical
positive control, DNA was immunoprecipitated with RNA polymerase and subjected to PCR
analysis for GAPDH and it remained unchanged under all treatments. As a negative control,
DNA was immunoprecipitated with normal 1gG and subjected to PCR analysis for targeted
PEPCK promoter region as above and the resulting DNA did not show any binding with PEPCK
promoter.

4. Discussion

This is the first report showing that ER stress regulates AMPK and C/EBPJ expression in
human hepatoma and rodent-derived FAO cells. Our findings suggest that the ER stress-
inducer TPG is a potent suppressor of AMPK activity in the presence of either AICAR or
XBP1-spliced. Given XBP1-spliced is known to relieve ER stress; it was surprising that it was
unable to prevent pAMPK reduction in response to TPG (Fig. 1, A and C). However, over-
expression of XBP1-spliced has been shown recently to increase hepatic triglycerides and a
number of lipid synthesis genes (Lee et al., 2008) completely separate from its function as a
mediator of the ER stress response. Therefore, it could be that down-regulation of pAMPK in
the presence of XBP1-spliced is secondary to increased lipid synthesis. Exposure to fatty acids
has also been shown previously to suppress pAMPK levels in liver cells (Rahman et al.,
2009). While the mechanisms underlying the early suppression of pAMPK by ER stress or
fatty acids requires further investigation, reduced pAMPK may provide another important
explanation for the link between ER stress and insulin resistance.

The present study is the first to show that C/EBP3 expression levels are highly suppressed by
AMPK activity in hepatoma cells. This is in contrast to adipocytes, where AICAR augmented
the expression of C/EBP in 3T3-L1 preadipocytes (Arai et al., 2007). Compared with pre-
adipocytes in which C/EBP is expressed transiently, in liver C/EBPp is essential for induction
of inflammation, gluconeogenesis, and lipogenesis (Liu et al., 1999; Rahman et al., 2007;
Schroeder-Gloeckler et al., 2007). The C/EBP family of transcription factors is regulated by a
variety of hormones, cytokines, and nutrients (Ramji and Foka, 2002). The strong association
between C/EBPp and genes that control inflammation is consistent with a role for C/EBP in
insulin resistance of obesity. Given that AMPK promotes anti-inflammatory phenotype (Sag
et al., 2008) as well as suppression of gluconeogenesis, it suggests the inhibition of C/EBPB
by AMPK may be an important property for prevention of steatohepatitis, as well as diabetes
at the transcriptional level.

Our data also clearly shows that ER stress activates PEPCK expression through the CRE site
and this effect is likely due to factors binding to the CRE (Fig. 4A). C/EBPS is indeed involved
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in activating PEPCK gene expression and appears to bind to the PEPCK gene promoter under
ER stress conditions. In addition, we show that ER stress induced phosphorylation of CREB
at serine 133 and total CREB content in the nucleus. C/EBPJ and CREB are both b-zip
transcription factors that bind to the CRE of the PEPCK promoter and are increased in
Leprdt/db and high fat-fed mice (Rahman et al., 2007;Schroeder-Gloeckler et al., 2007).
Exogenous fatty acids, especially palmitate, cause ER stress and are associated with increased
expression of C/EBP and also CHOP (Guo et al., 2007). Certain pathological stress conditions
disrupt ER homeostasis and lead to accumulation of unfolded or misfolded proteins in the ER
lumen (Harding et al., 2002;Mori, 2000), such as abnormal lipid accumulation and lipid
biosynthesis (Borradaile et al., 2006;Wang et al., 2006). Although our study found that both
ER stress (Fig. 1) and AICAR (Fig. 3) activated pPCREB, Horike et al. showed that AICAR
alone had no effect on pCREB levels (Horike et al., 2008). However, AICAR strongly inhibits
CRE-containing promoter activity in HepG2 cells, despite no change in CREB levels (Horike
et al., 2008;Screaton et al., 2004). This is consistent with an effect of AMPK on TORC?2, a
CREB co-activator (Screaton et al., 2004). While AICAR increases TORC2 phosphorylation
and suppresses CREB-mediated gluconeogenesis (Koo et al., 2005), recently an article
appeared showing that chronic ER stress for 12-15 h stimulated an arm of the unfolded protein
response pathway ATF6a in hepatocytes which can sequester the CREB co-activator TORC2,
thereby reducing gluconeogenic gene expression (Wang et al., 2009). However, in TORC2
knockout mouse glucose homeostasis in the whole body was not affected in the animals (Le
Lay et al., 2009). Thus, the role of TORC2 in control of hepatic gluconeogenesis in vivo may
need to be re-examined.

The present results implicate a model whereby ER stress can down-regulate AMPK and this
may trigger an increase in C/EBPJ expression. This conclusion is tempered by the fact that
simply blocking AMPK activity in the absence of ER stress induces C/EBPf expression. These
results imply that C/EBP is sensitive to both AMPK and ER stress, as depicted in Fig. 6. C/
EBPp binds avidly to the PEPCK promoter and increases transcription of the PEPCK gene
which in turn can stimulate gluconeogenesis in the liver. C/EBP is a key regulator of a number
of lipogenic, gluconeogenic, and inflammatory genes in the liver and is increased in a variety
of liver cell lines upon exposure to fatty acids (Schroeder-Gloeckler et al., 2007). The present
findings emphasize a critical role for C/EBP in governing inflammation, lipogenesis (Rahman
et al., 2007;Schroeder-Gloeckler et al., 2007), and gluconeogenesis (Shao et al., 2005;Wang
et al., 2000) under conditions of ER stress and suggest that inhibition of C/EBPf by AMPK
could ameliorate the liver steatosis and excess hepatic glucose production that are the hallmarks
of diabetes and obesity.
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Fig. 1.

ER stress down-regulates pAMPK levels. A, Huh7 cells were treated with 300 nM TPG or
infected with Ad-XBP1-unspliced or Ad-XBP1-spliced. Cytosolic proteins were used for
Western blot analysis to detect pAMPK and B-actin levels. B, TPG (500 nm and 1uM)
suppresses pAMPK levels in FAO cells. pAMPK and total AMPK levels were detected in
cytosolic proteins of control and treated cells after 24 h treatment with TPG. C, Huh7 cells
were treated with 500 uM AICAR or 300 nM TPG alone or in combination for 2 h. The cells
were also infected with Ad-XBP1-spliced for 24 h followed by treatment with either TPG or
AICAR for 2 h. Cytosolic proteins were run on SDS-PAGE to detect pAMPK and total AMPK
levels. Blots shown are representative of three separate experiments with similar results.
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Fig. 2.

ER stress increases C/EBPp expression (LAP and LIP) and pCREB levels. A, FAO cells were
treated with 300 nM TPG, 5 pg/ml TUN, or 1 mM sodium azide for 2 h. Nuclear proteins were
prepared and levels of the C/EBP isoforms LAP and LIP were detected by Western blot
analysis using C/EBPJ antibody. Control set to 1. Data is represented as mean = SEM of three
independent experiments. *P < 0.05 vs. control. B, FAO cells were treated with or without 300
nM TPG for 2 h and nuclear extracts were prepared. CREB and pCREB were detected by
Western blot analysis. Blots shown are representative of three separate experiments with
similar results.
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Fig. 3.

C/EBPS responds to AMPK activation or inhibition in FAO cells. A, Cells expressing AMPK-
DN or AMPK-CA (50 pfu/cell) were treated with or without 2 mM AICAR for 24 h. Levels
of LAP and LIP isoforms of C/EBPp were compared and loading was standardized to -actin.
B, Cells expressing either Ad-GFP or Ad-DN-AMPK at a lower titer (10 pfu/cell) were treated
with or without 2 mM AICAR for 24 h. Cells were lysed and the levels of the LAP and LIP
isoforms were detected by Western blot analysis using B-actin as a loading control. C, Cells
treated with 500 M AICAR for 24 h showed reduced C/EBP protein and increased pCREB
and pACC levels. Blots are representative of three separate experiments with similar results.
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Fig. 4.

Involvement of AMPK activity and ER stress in C/EBPf regulation. A, Huh7 cells were treated
with 10 uM compound C (pPAMPK inhibitor) in the presence or absence of ER stress inducer
TPG (300 nM). TPG and compound C showed increased C/EBP level. Compound C in
combination with TPG significantly (P < 0.05) increased C/EBP compared to control. The
levels of B-actin remained unchanged. B, Huh7 cells were treated with the same reagents as
above and pAMPK levels was measured. pAMPK was reduced (P < 0.05) when treated with
TPG or compound C alone. The levels of B-actin remained unchanged.
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Fig. 5.

ER stress activates the PEPCK promoter via CRE site and recruits C/EBPB. A, ER stress
activated transcription from the 490 bp PEPCK promoter but not the PEPCK promoter lacking
the CRE site. Huh7 and HepG2 cells were transfected with a luciferase expression vector
containing the functional —490-PEPCK promoter or an expression vector containing the —490-
PEPCK promoter with a mutant CRE construct and their relative levels of luciferase activity
were measured and normalized to a Renilla control. Cells were treated either with vehicle or
TPG for 2 h prior to measurement of luciferase activity. Data represent mean + SEM of three
independent experiments. *P < 0.05 vs. control. ER stress inducer TPG also increased PEPCK
mRNA in FAO cells within 2 h (*P < 0.05). B, C/EBP binds to PEPCK promoter during ER
stress. ChIP assays were performed using C/EBPp-specific antibody to test C/EBPp binding
to PEPCK promoter in FAO cells. Cells were treated with 300 nM TPG alone or in combination
with 90 nM JNK inhibitor. ChIPed DNA was subjected to RT-PCR for PEPCK (—209 to +66)
and GAPDH and run on an agarose gel, with input DNA run for normalization. *P < 0.05 vs.
control, P < 0.05 vs. TPG-treated cells. As a technical positive control, DNA was
immunoprecipitated with RNA polymerase and subjected to PCR analysis for GAPDH and it
remained unchanged under all treatments. As a negative control, DNA was immunoprecipitated
with normal 1gG and subjected to PCR analysis for targeted PEPCK promoter region and the
resulting DNA did not show any binding with PEPCK promoter.
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Fig. 6.

Model for the up-regulation of gluconeogenesis via modification of AMPK and C/EBPf by
ER stress in liver cells. ER stress leads to a rapid decrease in pAMPK activity and consequently
an increase in C/EBPf expression and increased pCREB levels. Increased C/EBP binds to
the PEPCK promoter via the CRE and thereby increases transcription of genes coding for

increased gluconeogenesis.
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