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SUMMARY

Endoplasmic reticulum (ER)-bound transcription fac-
tor families are shown to be involved in the control
of various metabolic pathways. Here, we report a
critical function of ER-bound transcription factor,
CREBH, in the regulation of hepatic gluconeogen-
esis. Expression of CREBH is markedly induced by
fasting or in the insulin-resistant state in rodents in
a dexamethasone- and PGC-1a-dependent manner,
which results in the accumulation of active nuclear
form of CREBH (CREBH-N). Overexpression of con-
stitutively active CREBH activates transcription of
PEPCK-C or G6Pase by binding to its enhancer site
that is distinct from the well-characterized CREB/
CRTC2 regulatory sequences in vivo. Of interest,
knockdown of CREBH in liver significantly reduces
blood glucose levels without altering expression of
genes involved in the ER stress signaling cascades
in mice. These data suggest a crucial role for CREBH
in the regulation of hepatic glucose metabolism in
mammals.

INTRODUCTION

Glucose homeostasis is tightly regulated to meet the fuel

requirement in mammals. Under fasting, secretion of pancreatic

hormone glucagon and adrenal hormone glucocorticoid is

induced to enhance hepatic glucose production (Pilkis et al.,

1988a, 1988b). This process is accomplished, in part, via activa-

tion of gluconeogenesis, resulting from the transcriptional acti-

vation of gluconeogenic genes such as cytosolic isoform of

phosphoenolpyruvate carboxykinase (PEPCK-C) or glucose 6

phosphatase (G6Pase) (Hall and Granner, 1999; Hanson and
C

Reshef, 1997). Activation of cAMP-dependent transcriptional

program is mainly mediated by CREB/CREB-regulated tran-

scriptional coactivator 2 (CRTC2)-dependent transcriptional

machinery, whereas glucocorticoid signal is conveyed via the

action of glucocorticoid receptor (GR), a member of nuclear hor-

mone receptor (NR) superfamilies (Herzig et al., 2001; Koo et al.,

2005; van Schaftingen and Gerin, 2002). Indeed, both cAMP

response element (CRE) and GR response element (GRE) have

been found in gluconeogenic gene promoters, underscoring

the importance of these transcriptional machineries in this path-

way (Hanson and Reshef, 1997; van Schaftingen and Gerin,

2002). As demonstrated in Cushing’s syndrome, excessive glu-

cocorticoid could promote insulin resistance by opposing the

action of insulin in peripheral tissues, including liver, suggesting

that the increased GR activity might be responsible for the pro-

gression of type II diabetes (Andrews and Walker, 1999; Ross and

Linch, 1982; Zinker et al., 2007). Of interest, both GR and CREB/

CRTC2 were shown to induce the NR coactivator peroxisome

proliferator-activated receptor g coactivator 1 alpha (PGC-1a),

which regulates activities of various transcription factors, includ-

ing GR, hepatic nuclear factor 4 (HNF4), or FOXO1a (Herzig et al.,

2001; Koo et al., 2005; Puigserver et al., 2003; Yoon et al., 2001).

Elevation of PGC-1a expression is displayed in mouse models of

type II diabetes, and its liver-specific ablation markedly affects

glycemic profiles in mice, showing the importance of this factor

in the regulation of hepatic glucose metabolism (Herzig et al.,

2001; Koo et al., 2004; Leone et al., 2005; Lin et al., 2004; Puig-

server et al., 2003).

Recently, regulated intramembrane proteolysis (RIP) has

emerged as a new mechanism to influence energy metabolism,

differentiation, and endoplasmic reticulum (ER) stress response/

unfolded protein response (UPR) (Brou et al., 2000; Brown et al.,

2000; Haze et al., 1999). Members of the ER membrane-bound

basic leucine zipper (bZIP) transcription factor family, such as

ATF6, Luman, and OASIS, constitute a novel class of factors

that are regulated by ER stress-dependent mechanisms (Haze

et al., 1999; Kondo et al., 2005; Raggo et al., 2002). ATF6,
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a founding member of this family, is an ER resident transcription

factor and is activated following UPR-dependent translocation

to Golgi, where the proteolytic cleavage of this factor releases

its N-terminal transcription factor moiety into the nucleus.

Activated ATF6 is responsible for UPR-mediated activation of

target genes such as GRP78/Bip, CHOP, and XBP-1 (Chen

et al., 2002; Shen et al., 2002; Ye et al., 2000).

cAMP response element-binding protein H (CREBH), a liver-

specific bZIP transcription factor that belongs to this family, is

shown to be regulated by UPR-dependent proteolytic cleavage

(Chin et al., 2005; Omori et al., 2001) and regulates the transcrip-

tional process of genes such as serum amyloid P-component

(SAP) and C-reactive protein (CRP) in response to systemic

inflammatory signals in liver (Zhang et al., 2006). Of interest,

CREBH was also shown to transcriptionally activate PEPCK-C

promoter, suggesting a potential link between this factor and

the hepatic glucose metabolism (Chin et al., 2005). In this study,

we show that CREBH expression is induced during fasting

or insulin-resistant state, which, in turn, results in the accumula-

tion of the active nuclear form of CREBH (CREBH-N). Nuclear

CREBH enhances hepatic gluconeogenesis by activating

transcription of PEPCK-C or G6Pase via a unique regulatory

sequence in a CRTC2-dependent manner. Furthermore, acute

depletion of hepatic CREBH results in the reduction of blood

glucose levels both in wild-type and diabetic mice. These data

support that CREBH is an important physiological regulator of

hepatic gluconeogenesis.

RESULTS

CREBH Expression Is Induced during Fasting
and by Insulin Resistance
Previously, nuclear CREBH (CREBH-N) was shown to enhance

PEPCK-C promoter activity in hepatic cells without further delin-

eation in its physiological relevance in gluconeogenesis (Chin

et al., 2005). To assess the potential involvement of CREBH in

hepatic gluconeogenesis, we measured its expression levels in

mouse liver. Of interest, CREBH expression was significantly

induced during fasting conditions and was reduced upon

refeeding, a characteristic regulatory pattern known for genes

in the gluconeogenesis (Figure 1A). Furthermore, mRNA levels

for hepatic CREBH were also induced in mouse models of diet-

induced or genetic insulin resistance (Figure 1B and Figure S1A

available online), showing a strong correlation between CREBH

expression and gluconeogenic potential in liver. Indeed, we

observed increased appearance of both full-length and nuclear

CREBH under fasting or by insulin resistance (1.9-fold [FL] or

4.9-fold [N] induction under fasting over refeeding, 6.3-fold [FL]

or 1.8-fold [N] induction in db/db over WT mice; Figures 1A

and 1B), suggesting that CREBH could be involved in the tran-

scriptional process of hepatic gluconeogenesis.

To identify a mechanism for CREBH regulation, we treated

hepatocytes with stimuli known to mimic fasting signals. Treat-

ment of cells with dexamethasone, but not with cAMP agonist

forskolin, enhanced CREBH expression significantly (Figure 1C

and data not shown), suggesting an involvement of GR in the

process. Indeed, transfection analysis, as well as chromatin

immunoprecipitation (ChIP) assay, revealed a functional involve-

ment of GR in the regulation of CREBH transcription (Figures
332 Cell Metabolism 11, 331–339, April 7, 2010 ª2010 Elsevier Inc.
S1B and S1C). The involvement of GR in the regulation of

CREBH was further supported by recent microarray analysis

showing that GR knockout mice displayed reduced dexametha-

sone-dependent expression of CREBH (ArrayExpress: http://

www.ebi.ac.uk; ID: E-MEXP-1816). PGC-1a functions as a tran-

scriptional coactivator for NRs (Rhee et al., 2003; Yoon et al.,

2001). We thus tested whether PGC-1a was also involved in

the transcriptional regulation of hepatic CREBH. Expression of

PGC-1a significantly enhanced expression of CREBH in hepato-

cytes (Figure 1D). Conversely, knockdown of PGC-1a in the

mouse liver resulted in reduction of mRNA and protein levels

for CREBH (Figure 1E). Dexamethasone-dependent activation

of CREBH promoter activity was induced synergistically with

cotransfection of PGC-1a expression vector; the effect was

blunted by coexpression of either constitutively active AKT or

small heterodimer partner (SHP), a known inhibitor for PGC-

1a-NR interaction (Chanda et al., 2008) (Figures S1D–S1F).

These data suggest the presence of a mechanism for PGC-1a/

GR-dependent activation of CREBH that may contribute to the

regulation of hepatic glucose metabolism.

CREBH-N Promotes Hepatic Gluconeogenesis
To test the functional significance of CREBH expression, we

prepared adenovirus for nuclear CREBH (Ad CREBH-N). Trans-

duction of hepatocytes with Ad CREBH-N increased mRNA

levels for gluconeogenic genes (Figure 2A). In addition, hepatic

glucose production was significantly induced by CREBH-N

expression in hepatocytes, suggesting that CREBH-N indeed

promotes hepatic gluconeogenesis (Figure 2B). To verify the

effect of CREBH-N on glucose homeostasis in vivo, we injected

Ad CREBH-N or Ad GFP control virus into the wild-type mice. Ad

CREBH-N infection led to elevations in hepatic mRNA levels of

PEPCK-C and G6Pase (Figures 2C and 2D). Furthermore, blood

glucose levels were significantly higher in mice with Ad CREBH-

N compared with those in control mice (Figure 2E), showing that

acute overexpression of CREBH promoted hepatic gluconeo-

genic gene expression in vivo, without altering body weight

(Figure S2A). The insulin levels were generally higher in mice

with Ad CREBH-N without reaching the statistical significance

(Figure S2B). No changes were shown for the phosphorylation

status of CRTC2, excluding a potential indirect regulation of glu-

coneogenic genes by CREBH-N (Figure S2B). CREBH was

shown to regulate genes involved in the acute phase response

(APR) such as CRP and SAP (Zhang et al., 2006). We thus

measured the mRNA levels for such genes in livers with Ad

CREBH-N. Though CRP expression was slightly elevated in

animals infected with Ad-CREBH-N, we were not able to observe

any changes in SAP expression (Figure 2F). Furthermore, no

detectable differences were noted in GRP78 or ATF6 expression

between two groups of mice. We therefore speculated that,

whereas expression of CREBH alone was sufficient to induce

expression of gluconeogenic program, additional components

such as ATF6 might be required for the complete activation of

hepatic genes in the APR.

CREBH Activates Transcription of Gluconeogenic
Genes via a CRTC2-Dependent Manner
Next, we wanted to delineate the mechanism for CREBH-medi-

ated transcriptional process. A previous study suggested that

http://www.ebi.ac.uk
http://www.ebi.ac.uk


Figure 1. Induction of CREBH Expression during Fasting or by Insulin Resistance

(A) (Top) Q-PCR analysis showing hepatic CREBH or gluconeogenic gene expression in mice less under 16 hr fasted or 16 hr fasted/4 hr refed conditions

(**p < 0.01, t test; n = 5). (Bottom) Western blot analysis showing hepatic CREBH protein levels in mice as indicated above (FL, full-length; N, nuclear).

(B) (Top) Q-PCR analysis showing hepatic CREBH or gluconeogenic gene expression in either wild-type or db/db mice under 16 hr fasted condition (**p < 0.01,

*p < 0.05, t test; n = 3). (Bottom) Western blot analysis showing hepatic CREBH protein levels in either wild-type or db/db mice as indicated above.

(C) Effects of dexamethasone on CREBH expression. Northern blot (top) or Q-PCR (middle) analysis of G6Pase, PEPCK-C, and CREBH expression using rat

primary hepatocytes treated with 100 nM dexamethasone for an indicated time period (*p < 0.05 compared to 0 hr, t test; n = 3). (Bottom) Western blot analysis

showing hepatic CREBH-N protein levels by dexamethasone treatment.

(D)EffectsofAd-PGC-1a onCREBHexpression. (Top)Q-PCRanalysisofG6Pase,PEPCK-C, andCREBHexpressionusingRNAs fromratprimaryhepatocytes infected

with either Ad-GFP or Ad-PGC-1a (**p< 0.01,*p < 0.05, t test; n = 3). (Bottom) Western blot analysis showing hepatic CREBH-N protein levels by Ad-GFP or Ad-PGC-1a.

(E) Effects of PGC-1a knockdown on CREBH expression. (Top) Q-PCR analysis of G6Pase, PEPCK-C, and CREBH expression using RNAs from livers of mice infected

with either Ad-US or Ad-PGC-1a RNAi (**p < 0.01,*p < 0.05, t test; n = 5). (Bottom) Western blot analysis showing hepatic CREBH-N protein levels by Ad-US or Ad-PGC-

1a RNAi.

Data represent the mean ± SD.
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Figure 2. CREBH Promotes Hepatic Gluconeogenesis

(A) Effects of CREBH on gluconeogenic gene expression. Northern blot (top, left) or Q-PCR (bottom) analysis of G6Pase, PEPCK-C, and CREBH expression using

RNAs from rat primary hepatocytes infected with either Ad-GFP or Ad-CREBH-N (*p < 0.05, t test; n = 3). A representative western blot analysis showing hepatic

nuclear CREBH (CREBH-N) protein levels was also shown (top, right).

(B) (Top) Glucose output assay showing effects of CREBH on glucose production in rat primary hepatocytes. Forskolin (10 mM) was used as a positive control.

(Bottom) Western blot assay shows the expression level of Flag-tagged CREBH-N (*p < 0.05, t test; n = 3).

(C and D) Effects of Ad-CREBH-N infection on hepatic gene expression. Q-PCR analysis and western blot analysis of CREBH (C) and Q-PCR analysis of gluco-

neogenic genes (D) from mouse liver infected with either Ad-GFP or Ad-CREBH-N (**p < 0.01, t test; n = 5).

(E) Sixteen hour fasting glucose levels in mice expressing Ad-GFP or Ad-CREBH-N (*p < 0.05; t test; n = 5).

(F) Effects of Ad-CREBH-N infection on ER stress genes using RNAs from mouse liver infected with either Ad-GFP or Ad-CREBH-N (**p < 0.01, t test; n = 5).

Data represent the mean ± SD.
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CREBH could enhance PEPCK-C promoter activity by binding

to the well-characterized CRE at �125 from the transcriptional

start site (Chin et al., 2005). Contrary to the previous report, our

mapping studies revealed a unique putative CREBH response
334 Cell Metabolism 11, 331–339, April 7, 2010 ª2010 Elsevier Inc.
element (CREBHRE) in the promoters of PEPCK-C and G6Pase

that are distinct from CRE (�452 versus �125 for PEPCK-C,

�91 versus �161/�136 for G6Pase) (Figure 3A); the occupancy

of CREBH over putative CREBHRE on each promoter was



Figure 3. CREBH Regulates Gluconeogenic Genes via a CREBH Response Element

(A) Luciferase assay using HepG2 cells transiently transfected with PEPCK-C (left) or G6Pase (right) luciferase construct together with expression vector for

CREBH-N. Representative data were shown from three independent experiments.

(B) Live imaging of hepatic G6Pase-luciferase (Ad-WT G6Pase [�231/+57]-Luc or Ad- CREBHRE mutant G6Pase [�231/+57]-Luc) activity in response to

CREBH-N in C57BL/6 mice.

(C) (Top) Amino acid sequence comparison among mouse CREB, ATF6, and CREBH showing conservation at Arg314 in CREB, Arg324 in ATF6, and Arg270 in

CREBH. (Bottom) Coimmunoprecipitation assay showing endogenous interaction between CRTC2 and CREB or CREBH in rat primary hepatocytes. A represen-

tative western blot analysis was shown.

(D) (Left) Luciferase assay using HepG2 cells transiently transfected with basal pGL4 PK or pGL4 PK 3XCREBHRE construct together with expression vector for

CREBH-N or wild-type CRTC2. Representative data were shown from three independent experiments with triplicate conditions. (Right) Q-PCR analysis of chro-

matin immunoprecipitation experiments using anti-CRTC2 antibody showing specific occupancy of CRTC2 over CRE (between�213 and�13, top) or CREBHRE

(between �549 and �339, bottom) on rat PEPCK promoter.

(E) Sixteen hour fasting glucose levels from wild-type mice (**p < 0.01, *p < 0.05, t test; n = 6–7) injected with Ad-GFP + Ad-US, Ad-CREBH-N + Ad-US, or

Ad-CREBH-N + Ad-CRTC2 RNAi.
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confirmed by ChIP assay and electrophoretic mobility shift

assay (Figures S2C and S2D). Furthermore, CREBHRE muta-

tions significantly blunted cAMP/DEX-mediated induction of

PEPCK-C/G6Pase promoter activity, suggesting that CREBH

mediates fasting signals to induce gluconeogenic genes (Fig-

ure S2E). To confirm the transcriptional regulation of G6Pase

by CREBH in vivo, we generated reporter adenovirus bearing

either wild-type or CREBHRE mutant G6Pase promoter and

injected it into the wild-type mice. Optical in vivo imaging anal-

ysis revealed a normal fasting-dependent induction of wild-

type G6Pase promoter (Figure S3A), which was ablated in mice

with CREBHRE mutant promoter (data not shown). Coinfection

of Ad CREBH-N or Ad CREBH-FL enhanced wild-type G6Pase

promoter activity (more than 3- to 4-fold) compared with Ad

GFP control (Figure S3B). However, the stimulatory effect of

CREBH-N was largely blunted in mice with CREBHRE mutant

promoter, showing that, indeed, CREBHRE is critical in medi-

ating CREBH-dependent G6Pase transcription in vivo (Figures

3B and S3C).

Recently, ATF6, a closely related bZIP factor of CREBH, was

shown to interact with CRTC2 and inhibit CREB/CRTC2-depen-

dent transcriptional regulation (Wang et al., 2009). Sequence

comparison revealed a conservation of critical amino acids for

CRTC2 interaction among CREB, ATF6, and CREBH, prompting

us to investigate whether CREBH would interact with CRTC2

(Figure 3C, top). Indeed, Flag-tagged CRTC2 interacted with

either HA-tagged CREB or HA-tagged CREBH similarly in a

coimmunoprecipitation study (Figure S3D). Furthermore, we

observed the physical interaction between endogenous CREBH

and CRTC2 in primary hepatocytes as well as in db/db mouse

liver (Figures 3C, bottom, and S3E), which would synergistically

activate CREBHRE-dependent transcription (Figure 3D, left).

The occupancy of CRTC2 over both CREBHRE and CRE was

enhanced upon FSK treatment, showing that both sites could

be under the further control by cAMP-dependent transcriptional

mechanism (Figure 3D, right). On the other hand, a closely

related bZIP factor ATF6 did not alter CREBH-dependent

activation of G6Pase promoter activity (Figure S3F). Instead,

we observed that nuclear ATF6 repressed FSK-dependent

G6Pase promoter activity in a CRE-dependent manner, in

accordance with the recent report regarding the inhibitory role

of ATF6 on CREB/CRTC2-dependent transcription (Wang

et al., 2009).

To further confirm the dependency of CRTC2 on CREBH-

mediated induction of gluconeogenic program, we monitored

the effects of Ad CREBH-N on blood glucose levels upon

CRTC2 knockdown. As shown in Figure 2E, mice with CREBH-N

expression displayed higher glucose levels compared with

control groups. The CREBH-N-dependent elevations in blood

glucose levels were largely blunted by knockdown of CRTC2

by Ad CRTC2 RNAi coinjection, indicating that CRTC2 is

required for the CREBH-dependent process in vivo (Figures 3E

and S4A). Pyruvate challenge test demonstrated that CREBH-

dependent activation of hepatic gluconeogenesis appeared to

be impaired upon CRTC2 knockdown (Figure S4B). Indeed,
(F) Q-PCR analysis showing effect of adenoviruses as in (E) on hepatic expressio

n = 5–7).

Data in (A) and (D–F) represent the mean ± SD.
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acute depletion of CRTC2 significantly reduced CREBH-depen-

dent activation of PEPCK-C and G6Pase mRNA levels in mouse

liver (Figure 3F). Similar results were obtained with experiments

performed in primary hepatocytes (Figures S4C and S4D). These

data support our hypothesis that CRTC2 could function as a

coactivator for CREBH.

Knockdown of CREBH Improves Fasting Hyperglycemia
in Diabetic Mice
To verify the physiological role of CREBH in glucose homeo-

stasis, we produced adenovirus-expressing small hairpin RNA

for CREBH (Ad CREBH RNAi). Transduction of hepatocytes

with Ad CREBH RNAi significantly reduced expression of gluco-

neogenic genes, as well as glucose production (Figure S4E).

Indeed, mice with reduced hepatic CREBH expression displayed

lower fasting blood glucose levels compared with controls in the

normal context (Figure 4A, left). Hepatic mRNA levels for gluco-

neogenic genes were reduced accordingly upon depletion of

CREBH (Figure 4B, left). We then wanted to investigate whether

acute reduction of hepatic CREBH would also affect glucose

metabolism in pathological conditions. Of interest, hepatic

CREBH knockdown significantly lowered blood glucose levels

and reduced gluconeogenic gene expression in db/db mice

(Figures 4A, right, and 4B, right). In both wild-type and db/db

mice, no significant changes in plasma insulin levels or CRTC2

phosphorylation status were observed (data not shown). Unlike

the changes in gluconeogenic genes, no significant changes

were shown for mRNA levels of known ER stress regulators

such as ATF6 or GRP78 upon CREBH knockdown (Fig-

ure S4F). Although no changes were shown in SAP expression,

mRNA levels for CRP was significantly reduced by depletion of

CREBH in mouse liver, in accordance with its increase by Ad

CREBH-N (Figure 2F for comparison) or the previous report

describing the role of this factor in the regulation of CRP tran-

scription (Zhang et al., 2006). Finally, in order to further verify

whether CREBH is involved in the hepatic glucose production

in vivo, we performed euglycemic-hyperinsulinemic clamp

studies. Indeed, hepatic glucose production was significantly

reduced upon CREBH knockdown both at the basal condition

and during the clamp period, without changes in glucose

disposal rate, showing that reduced blood glucose levels by

CREBH knockdown were largely due to the decreased glucose

production from liver in vivo (Figure 4C).

DISCUSSION

Previously, CREBH was shown to be activated by APR via

enhanced expression and increased proteolytic processing to

produce active nuclear moiety (CREBH-N) (Zhang et al., 2006).

Following its activation, CREBH works in conjunction with

ATF6, another ER resident bZIP factor that is regulated similarly,

to induce transcription of genes in the APR pathway such as SAP,

CRP, or APOB. In our hands, acute knockdown or overexpres-

sion of CREBH in liver only affected expression of CRP, but not

of SAP or APOB (Figures 2F and S4F and data not shown). The
n of gluconeogenic genes in wild-type mice fasted for 16 hr (**p < 0.01, t test;



Figure 4. Knockdown of CREBH Relieves Hyperglycemia

(A) Sixteen hour fasting glucose levels from wild-type mice (left; **p < 0.01, t test; n = 5) or db/db mice (right; *p < 0.05, t test; n = 5) injected with either Ad-US or

Ad-CREBH RNAi.

(B) Q-PCR analysis showing effect of Ad-US or Ad-CREBH RNAi infection on hepatic expression of gluconeogenic genes in wild-type mice (top-left; **p < 0.01,

*p < 0.05, t test; n = 5) or db/db mice (top-right; **p < 0.01, t test; n = 5) fasted for 16 hr. A representative western blot analysis of CREBH-FL and CREBH-N protein

levels from mouse liver infected with either Ad-US or Ad-CREBH RNAi (bottom-left, wild-type mice; bottom-right, db/db mice).

(C) Peripheral and hepatic insulin sensitivity were assessed by means of hyperinsulinemic-euglycemic clamps. From left to right, basal hepatic glucose produc-

tion, clamp hepatic glucose production, whole-body glucose infusion rate, and percent inhibition of insulin-dependent hepatic glucose production are shown

(*p < 0.05; n = 5–7).

(D) A proposed model for the role of fasting-dependent activation of CREBH in hepatic gluconeogenesis.

Data in (A–C) represent the mean ± SD.
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discrepancy might stem from the fact that we utilized a transient

system, whereas Zhang et al. employed chronic CREBH-knock-

down animals. Alternatively, regulation of APR genes by CREBH
C

requires additional factors such as ATF6 that are also induced by

proinflammatory signals. Because we studied the role of CREBH

in more physiological settings, we may not be able to recapitulate
ell Metabolism 11, 331–339, April 7, 2010 ª2010 Elsevier Inc. 337
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such conditions that would fully activate CREBH-containing

complex required for the induction of APR pathway.

We noticed that hepatic CREBH was also induced during fast-

ing via a cortisol-dependent mechanism at the transcriptional

level. It will be of great interest to verify whether there is an

involvement of a yet-to-be defined mechanism to activate

proteolytic cleavage of CREBH in response to fasting. We did

not observe changes in blood glucose levels upon CREBH-N

expression or CREBH knockdown during feeding conditions,

underscoring the potential importance of CREBH in the regula-

tion of fasting metabolism in vivo (data not shown). We are

currently investigating whether specific fasting signals such as

cAMP or glucocorticoid are involved in the regulated processing

of CREBH in liver.

In summary, our data provide an alternative fasting-mediated

transcriptional route to modulate hepatic gluconeogenesis (Fig-

ure 4D). PGC-1a, a major regulator of hepatic glucose metabo-

lism (Herzig et al., 2001; Yoon et al., 2001), was also involved

in the regulation of CREBH by inducing its expression. Unlike

the previous report (Chin et al., 2005), we identified that CREBH

utilized a unique CREBHRE in the promoter of PEPCK-C or

G6Pase to transcriptionally modulate hepatic gluconeogenesis

in a CRTC2-dependent manner (Figures S3A–S3F). It will be

interesting to delineate the relative contribution between pre-

existing mechanisms and the new transcriptional machinery

proposed in this report to hepatic glucose metabolism. Regula-

tion of hepatic glucose production is an important therapeutic

strategy to alleviate hyperglycemia in type II diabetes. Identifica-

tion of CREBH as a critical regulator for hepatic gluconeogenesis

would expand our knowledge to understand the intricate mech-

anisms for proper glycemic control and help to develop a poten-

tial treatment for such disease.
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