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Background: Gluconeogenesis is an important physiological pathway in response to fasting and stress.
Results: DBC1 regulates gluconeogenesis and PEPCK expression by a mechanism that is at least in part explained by the
Rev-erb� and the deacetylase SIRT1.
Conclusion: A new role for DBC1as a regulator of PEPCK expression is described.
Significance: We aim to understand the molecular mechanisms of glucose metabolism and response to fasting.

Liver gluconeogenesis is essential to provide energy to glyco-
lytic tissues during fasting periods. However, aberrant up-regu-
lation of this metabolic pathway contributes to the progression
of glucose intolerance in individuals with diabetes. Phosphoe-
nolpyruvate carboxykinase (PEPCK) expression plays a critical
role in the modulation of gluconeogenesis. Several pathways
contribute to the regulation of PEPCK, including the nuclear
receptor Rev-erb� and the histone deacetylase SIRT1. Deleted
in breast cancer 1 (DBC1) is a nuclear protein that binds to and
regulates both Rev-erb� and SIRT1 and, therefore, is a candi-
date to participate in the regulation of PEPCK. In this work, we
provide evidence that DBC1 regulates glucose metabolism and
the expression of PEPCK. We show that DBC1 levels decrease
early in the fasting state. Also, DBC1 KO mice display higher
gluconeogenesis in a normal and a high-fat diet. DBC1 absence
leads to an increase in PEPCK mRNA and protein expression.
Conversely, overexpression of DBC1 results in a decrease in
PEPCK mRNA and protein levels. DBC1 regulates the levels of
Rev-erb�, and manipulation of Rev-erb� activity or levels pre-
vents the effect of DBC1 on PEPCK. In addition, Rev-erb� levels
decrease in the first hours of fasting. Finally, knockdown of the
deacetylase SIRT1 eliminates the effect of DBC1 knockdown on
Rev-erb� levels and PEPCK expression, suggesting that the
mechanism of PEPCK regulation is, at least in part, dependent
on the activity of this enzyme. Our results point to DBC1 as a
novel regulator of gluconeogenesis.

Hepatic gluconeogenesis plays a key role in the maintenance
of systemic glucose levels during health and disease. During
fasting, circulating hormones promote the de novo synthesis of

glucose (1, 2), ensuring delivery of energy to glucose-dependent
tissues. However, up-regulation of glucose production in the
liver may also play a role in the development of hyperglycemia
in diabetes (3). Regulation of gluconeogenesis mainly targets
the expression of the enzyme phosphoenolpyruvate carboxyki-
nase (PEPCK3, also known as PCK1) because this enzyme cat-
alyzes a committed step in the gluconeogenic pathway (1, 4).
PEPCK is regulated by several signaling systems, including the
glucagon-cAMP and the insulin-AKT pathways (1). In addi-
tion, like many other metabolically relevant enzymes, PEPCK
displays a circadian regulation (5). Central to the metabolic cir-
cadian rhythms are the nuclear receptors Rev-erbs (6). Rev-
erb�, the most studied member of the family, is a heme receptor
(7, 8) that represses transcription of target genes via an interac-
tion with the nuclear corepressor (NCoR) (6). Two studies have
demonstrated that Rev-erb� is a transcriptional repressor of
PEPCK in liver cells (8, 9), and a central role for Rev-erb� in the
control of hepatic metabolism has been proposed (10, 11).

The relative abundance of Rev-erb� present in a cell is in part
controlled by its ubiquitin-mediated proteasomal degradation
(12). We have shown recently that deleted in breast cancer 1
(DBC1) binds and stabilizes Rev-erb�, preventing its degrada-
tion (13). In fact, in DBC1 KO mice, the hepatic levels of Rev-
erb� are lower than in wild-type littermates. More importantly,
our previous study demonstrated that DBC1 regulates circa-
dian rhythms that are Rev-erb�-dependent (13).

DBC1 is a nuclear protein that binds and regulates the activ-
ity of several nuclear receptors (14) and enzymes involved in
epigenetic processes, such as the methyltransferase SUV39H1
(15) and the deacetylases HDAC3 (16) and SIRT1 (17, 18). Not
much is known about the molecular cues that modulate the
interaction between DBC1 and its partners. However, we have
shown previously that the interaction between DBC1 and
SIRT1 is disrupted under fasting conditions (19) and that the
kinases AMP-activated protein kinase (AMPK) and PKA regu-
late the interaction between both proteins (20). SIRT1, a NAD-
dependent deacetylase, regulates glucose metabolism in the
liver through deacetylation of several targets, although different
models provide conflicting results (21–27). It appears that
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SIRT1 deacetylates PGC1� (21) and FOXO (Forkhead box)
(28), increasing their transcriptional activity. We previously
showed that mice knocked out for DBC1 display higher SIRT1
activity (19) and are protected against high-fat diet-induced
liver steatosis (19), suggesting that DBC1 plays an important
role in the regulation of liver metabolism (19).

In this study, we explored whether DBC1 is important for
glucose metabolism and PEPCK regulation and the mecha-
nisms involved in this process. Our data reveal that DBC1 is a
novel regulator of PEPCK expression and gluconeogenesis by a
mechanism that involves, at least in part, both Rev-erb� and
SIRT1.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Unless specified otherwise, all
reagents and chemicals were purchased from Sigma-Aldrich.
The Rev-erb� antagonist SR8278 was from Tocris Bioscience.
Anti-human SIRT1 and anti-mouse SIRT1, phospho-AKT,
AKT, tubulin, and GAPDH antibodies were from Cell Signaling
Technology. Anti-DBC1 antibodies were from Bethyl Labora-
tories. The anti-mouse PEPCK antibody was from Cayman
Chemical. Anti-human PCK1, anti-Rev-erb�, and anti HA anti-
bodies were from Abcam. Anti-actin and anti-FLAG antibodies
were from Sigma.

Animal Handling and Studies—All mice used in this study
were maintained at the Mayo Clinic animal facility. All experi-
mental protocols were approved by the Institutional Animal
Care and Use Committee at the Mayo Clinic (protocol A33209
and A52112), and studies were performed according to the
methods approved in the protocols. The production and char-
acterization of DBC1 KO mice has been described before (19).
All studies were performed in animals that were between 12
and 36 weeks old. Mice were fed normal chow or a 60% high-fat
diet as described before (19). A glucose tolerance test was per-
formed after 16 h of fasting. Mice were injected intraperitone-
ally with 1.5 g of dextrose/kg. To perform the insulin sensitivity
test and the pyruvate tolerance test, DBC1 WT or KO mice
were fasted for 6 h. After this, mice were challenged with a
single dose of either 0.5units/kg of insulin or 1.5g/kg of pyru-
vate intraperitoneally. All mice had access to water during the
fasting period. Blood glucose was measured from the tip of the
tail vein using an AlphaTRAK blood glucose monitoring system
(Abbott). For the glucose tolerance test and the pyruvate toler-
ance test, the area under the curve was calculated as the net
incremental area over the baseline. For the insulin sensitivity
test, the blood glucose values were normalized to time 0, and
the total area under the curve was calculated. For shorter fast-
ing periods, food was removed 1 h before the start of the dark
cycle.

Cell Culture—HepG2 and 293T cells were cultured in Dul-
becco’s modified Eagle’s medium (5 g/liter glucose) with 10%
FBS, glutamine, and penicillin/streptomycin (Invitrogen). In all
experiments with HepG2 cells, the cells were switched to
serum-free medium 16 h before harvesting. Transfection of
HA/Myc or FLAG-Rev-erb� in 293T cells was performed in
6-well plates using Lipofectamine 2000 (Invitrogen) and 1 �g of
total DNA. To generate 293T stable cell lines overexpressing
FLAG-DBC1 or HA/Myc-Rev erb�, cells were cotransfected

with a vector that confers resistance to puromycin and the vec-
tor with the cDNA for DBC1 or Rev-erb�� using Lipo-
fectamine 2000. 48 h after transfection, the cells were diluted
and selected with puromycin for 15 days. Individual cells were
grown to generate clones, which were screened by immunofluo-
rescence and Western blot analysis with anti-tag antibodies.

siRNA—All siRNAs were from Dharmacon (Lafayette, CO).
The siRNA duplex against DBC1 was 5�-CAGUUGCAUGAC-
UACUUUUU (sense). SMARTpool siRNAs were used to knock
down SIRT1. Non-targeting siRNA 3 was used as a control
(D001210-03-20). Transfections in HepG2 and 293T were per-
formed with 100 nM siRNA on day 1. Cells were split on the
following day, transfected again on the third day, and harvested
96 h after the first transfection.

Western Blot Analysis—Mouse tissues and cultured cells
were lysed in NETN buffer (20 mM Tris-HCl (pH 8.0), 100 mM

NaCl, 1 mM EDTA, and 0.5% Nonidet P-40) supplemented with
5 mM NaF, 50 mM 2-glycerophosphate, 1 mM Na3VO4, and
protease inhibitor mixture (Roche). For experiments to detect
acetylation, 5 �M trichostatin A and 5 mM nicotinamide were
also added. Homogenates were incubated at 4 °C for 30 min
under constant agitation and then centrifuged at 11,200 � g for
10 min at 4 °C. Cell and tissue lysates were analyzed by Western
blot analysis with the indicated antibodies. Western blots were
developed using secondary antibodies and SuperSignal West
Pico chemiluminescent substrate (Pierce). Films were
scanned, and bands were quantified by densitometry using
ImageJ (http://rsbweb.nih.gov/ij/).

Real-time PCR—Total RNA was prepared and retrotrans-
cribed as described before (13). TaqMan probes for DBC1,
PEPCK, and GAPDH were obtained from Applied Biosystems.
The relative amount of mRNA was calculated using the �CT
method using GAPDH as an internal control.

Site-directed Mutagenesis—Point mutations were performed
using a QuikChange directed mutagenesis kit (Stratagene) fol-
lowing the instructions of the manufacturer.

Statistics—Values are presented as mean � S.D. of three to
five experiments unless indicated otherwise. The significance
of differences between means was assessed by one-way analysis
of variance or two-tailed Student’s t test. A p value of less than
0.05 was considered significant.

RESULTS

Lack of DBC1 Results in Elevated Gluconeogenesis—To char-
acterize the role of DBC1 in glucose homeostasis, we first per-
formed glucose tolerance tests in WT and DBC1 KO mice fed
regular chow. We observed that DBC1 KO male mice reached
higher levels of blood glucose than WT mice after an intraperi-
toneal challenge of glucose (Fig. 1A). We also observed that
DBC1 KO mice display higher blood glucose levels in the fed
state (Fig. 1B) than WT mice, although glycemia was not differ-
ent in the fasted state (Fig. 1A). We then evaluated whether
insulin release and insulin sensitivity were responsible for the
differences in glucose tolerance between WT and DBC1 KO
mice. We found that insulin release was similar between geno-
types (Fig. 1C). There was no significant difference in insulin
sensitivity (Fig. 1D). Because the glycemia is a balance between
glucose clearance and glucose production, we sought to assess
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the contribution of gluconeogenesis to the observed glucose
intolerance. To this end, we compared the response of wild-
type and DBC1 KO mice to a pyruvate challenge, a precursor for
glucose synthesis. As can be seen in Fig. 1E, KO mice reached
higher levels of blood glucose than their WT littermates (Fig.
1B). These findings point to elevated gluconeogenesis in the
DBC1 KO mice compared with the WT counterparts.

Increased gluconeogenesis is a hallmark of type II diabetes
and is usually accompanied by obesity. To study glucose metab-
olism in obese mice, we fed DBC1 WT and KO mice a hyper-
caloric high-fat diet. We performed a glucose tolerance test
after 16 weeks of high-fat diet and found that both genotypes
became glucose-intolerant, although the glucose tolerance was
more altered in DBC1 KO mice (Fig. 2A). Akin to what we
observed when mice were fed normal chow, feed glycemia was
higher in the DBC1 knockout mice (180 mg/dl) compared with

wild-type mice (140 mg/dl), although insulin sensitivity was
similar between genotypes (Fig. 2B). However, when we per-
formed a pyruvate tolerance test, the response of DBC1 KO
mice on the high-fat diet was exaggerated in comparison with
WT mice (Fig. 2C). Therefore, the effect of the high-fat diet on
gluconeogenesis was more pronounced in mice lacking DBC1.
Taken together, our results demonstrate that the absence of
DBC1 leads to glucose intolerance driven mainly by elevated
gluconeogenesis.

DBC1 Regulates PEPCK Expression—To confirm that the
phenotype we observed was driven by elevated gluconeogenesis
and not insulin sensitivity, we evaluated the expression level of
AKT and PEPCK in the livers of WT and KO mice. The levels of
phospho-AKT and AKT were similar in ad libitum conditions
in both genotypes (Fig. 3A). In contrast, PEPCK levels were
higher in KO mice than in WT mice under basal conditions and

FIGURE 1. DBC1 KO mice are more gluconeogenic than WT littermates. A, glucose tolerance test and net incremental area under the curve (IAUC) in WT and DBC1
KO mice fed regular chow. B, blood glucose in WT and DBC1 KO mouse males fed ad libitum. C, insulin release after a glucose challenge. D, insulin sensitivity in WT and
DBC1 KO mice. E, pyruvate tolerance test and net incremental area under the curve in WT and DBC1 KO mice fed regular chow. *, p � 0.05; n � 4–8.
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after 6 and 24 h of fasting (Fig. 3, B and C). These results are in
agreement with glucose synthesis as the main cause of the glu-
cose intolerance presented by the DBC1 KO mice. In addition
to elevated levels of PEPCK, we also observed that the protein
levels of PGC1-�, a coactivator that potentiates PEPCK tran-
scription, were also increased in DBC1 KO livers (Fig. 3B). The
fact that the expression of both PGC1-� and PEPCK is higher in
KO mice is not surprising, considering that several signaling
pathways regulate both genes. In fact, we hypothesized that
DBC1 is upstream of a factor that is common to the regulation
of PEPCK and PGC1-�. Among the transcription factors
involved in the regulation of PEPCK, the heme receptor Rev-
erb� has recently gained attention. We showed previously that
DBC1 regulates the stability and the function of Rev-erb� (13),
a repressor of PEPCK and PGC1-� (8). In fact, we showed that
DBC1 stabilizes Rev-erb� and that the livers of DBC1 KO mice
express lower levels of this nuclear receptor (13). So far, a pos-
sible function for DBC1 and Rev-erb� during fasting and glu-
coneogenesis has not been established. We speculated that if
alterations in these proteins were involved in the onset of
PEPCK transcription, these should occur early during fasting.

To test this hypothesis, mice were fasted for a short period (3 h),
and the levels of DBC1 and Rev-erb� were assessed by Western
blot analysis. We found that DBC1 levels decreased about 40%
in this condition (Fig. 3D). We also detected a similar decrease
in Rev-erb�, specifically in the band that migrates at �80 kDa
(Fig. 3D). It is important to note that the decrease in DBC1
levels is transient. After 24 h of fasting, its levels are similar to
the fed state (Fig. 3C).

To confirm that DBC1 regulates the expression of PEPCK,
we manipulated the levels of DBC1 and assessed whether there
were changes in PEPCK levels. First, we knocked down DBC1
and, akin to what was observed in mice lacking DBC1, the
expression of PEPCK was increased (Fig. 4A). This was accom-
panied by an increase in the amount of mRNA for PEPCK (Fig.
4B). Then we overexpressed DBC1 and observed a decrease in
the protein and mRNA levels of PEPCK (Fig. 4, C and D), sup-
porting our initial hypothesis that DBC1 is involved in the reg-
ulation of PEPCK.

DBC1 Regulates PEPCK Expression, at Least in Part, through
Rev-erb�—To investigate whether Rev-erb� is involved in the
regulation of PEPCK by DBC1, we first expanded our previous

FIGURE 2. Effect of a high-fat diet on glucose metabolism of DBC1 KO mice. A, glucose tolerance test and net incremental area under the curve (IAUC) in WT
and DBC1 KO mice fed a high-fat diet. B, insulin sensitivity and net area under the curve (AUC) in WT and DBC1 KO mice fed a high-fat diet. C, pyruvate tolerance
test and net incremental area under the curve in WT and DBC1 KO mice fed a high-fat diet. *, p � 0.05.
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observations that manipulation of DBC1 levels affects the levels
of Rev-erb� (13). Indeed, in agreement with our previous report
(13) in 3T3 cells, we observed that knock down of DBC1 in
HepG2 cells also resulted in a decrease in endogenous Rev-erb�
(Fig. 5A) and that overexpression of DBC1 in 293T cells was
accompanied by an increase in the endogenous levels of this
nuclear receptor (Fig. 5B). The changes in the levels of Rev-erb�
were not dramatic, and, therefore, we decided to evaluate
whether they were enough to participate in the regulation of
PEPCK by DBC1. With this in mind, we tested whether a Rev-
erb� antagonist would rescue the decrease in PEPCK induced
by overexpression of DBC1. We treated stable cell lines
expressing either an empty vector (control) or overexpressing
FLAG-DBC1 with the Rev-erb� antagonist SR8278 (29) for
24 h, and then the levels of PEPCK were evaluated. In accord-
ance with our hypothesis, the treatment of the FLAG-DBC1
stable cell line with SR8278 increased PEPCK expression to a
level comparable with the untreated control cells (Fig. 5C). In
addition, we tested whether the small decrease in Rev-erb�
induced by knockdown of DBC1 had a functional effect. For
this, we generated a stable cell line that overexpresses a

HA/Myc-Rev-erb� in a vector that contains multiple nuclear
localization motives. Our idea was that, by forcing Rev-erb� to
remain in the nucleus, there would be more stable functional
Rev-erb�, even in the absence of DBC1. Certainly, when we
treated this cell line with a DBC1 siRNA, the levels of Myc/HA-
Rev-erb� did not decrease (Fig. 5D). In this scenario, the up-
regulation of PEPCK by DBC1 was lost. However, in the empty
vector-transfected cell line, a similar decrease in DBC1 led to an
increase in PEPCK. Taken together, our results support, at least
in part, a role for Rev-erb� in the DBC1-mediated regulation of
PEPCK.

SIRT1 Is Important for the Regulation of PEPCK and Rev-
era� by DBC1—DBC1 is an endogenous inhibitor of several
nuclear enzymes. Among these, SIRT1 is a NAD-dependent
deacetylase involved in the regulation of gluconeogenesis. To
further understand the mechanism of PEPCK regulation by
DBC1, we evaluated a possible contribution of SIRT1. We com-
pared the levels of PEPCK expression in HepG2 cells treated
with a control siRNA, a DBC1 siRNA, and a combination of
DBC1 and SIRT1 siRNA. As shown in Fig. 6A, in the absence of
SIRT1, DBC1 is no longer able to up-regulate PEPCK. More-

FIGURE 3. DBC1 KO mice display similar levels of P-AKT and elevated expression of PEPCK than WT mice. A, liver extracts of DBC1 WT and KO mice fed ad
libitum were immunoblotted for P-AKT and AKT. The densitometry is shown in the right panel. B, DBC1 WT and KO mice were fasted for 6 h, and the liver extracts
were immunoblotted with specific antibodies against PGC1�, PEPCK, DBC1, and GAPDH. The graph in the right panel shows the quantification of the bands by
densitometry. **, p � 0.005. C, DBC1 WT and KO mice were fasted for 24 h or fed ad libitum, and the expression of the indicated proteins was determined by
Western blot analysis. The graph in the right panel shows the quantification of the bands by densitometry. D, liver extracts of WT mice fasted for 3 h were
immunoblotted with specific antibodies against DBC1, Rev-erb�, and tubulin. The graph in the right panel shows the quantification of the bands by densitom-
etry. *, p � 0.05.
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over, the absence of SIRT1 led to a clear decrease in the levels of
PEPCK. We also analyzed whether SIRT1 is required for the
regulation of Rev-erb�. Again, we observed that, in the absence
of SIRT1, a decrease in DBC1 does not result in a decrease in
Rev-erb� (Fig. 6A). In addition, the treatment of cells overex-
pressing Rev-erb� with the sirtuin inhibitor nicotinamide
resulted in increased levels of this nuclear receptor (Fig. 6B). To
further explore the role of acetylation in the regulation of Rev-
erb�, we transfected cells with Rev-erb� and the acetyltrans-
ferase p300 in the presence or absence of SIRT1. In agreement
with our previous observations, expression of p300 increased
the levels of Rev-erb�, and this effect was ablated by cotrans-
fection with SIRT1 (Fig. 6C). p300 appears to increase levels of
Rev-erb� by stabilization of the protein (supplemental Fig. 1).
To assess the acetylation of Rev-erb�, we cotransfected cells
with Rev-erb� and p300 and immunoprecipitated Rev-erb�.
We could not detect acetylation under this condition (not
shown). In addition, we could not detect acetylation of Rev-
erb� immunoprecipitated from liver tissue (not shown). To dis-
miss the possibility that the negative results were due to tech-
nical issues, we incubated 293T cells transfected with Rev-erb�
with deacetylase inhibitors and analyzed Rev-erb� posttransla-
tional modifications by mass spectrometry. We found that
lysines 400 and 591 were indeed acetylated. However, single
mutants of these sites are still up-regulated by p300 (supple-
mental Fig. 2). Moreover, the protein levels of the single mutant
(supplemental Fig. 2) and double mutant (Fig. 6D) are not lower
than the WT, as one would expect if acetylation of Rev-erb�
promoted its stabilization. Therefore, it is likely that p300 and
SIRT1 regulate Rev-erb� levels by an indirect mechanism that
involves acetylation/deacetylation events upstream of Rev-
erb�. A schematic of the proposed mechanism by which DBC1
regulates transcription of PEPCK is shown in Fig. 7. Taken

together, our results unveil a novel role for DBC1 in the regu-
lation of PEPCK expression and gluconeogenesis through a
mechanism that, at least in part, involves Rev-erb� and, possi-
bly, SIRT1.

DISCUSSION

Hepatic gluconeogenesis is an essential component of the
homeostatic mechanisms that ensure proper supply of glucose
to glucolytic tissues during times of food deprivation (2). How-
ever, deregulation of this process can lead to increased blood
glucose levels and is an important contributor to the pathogen-
esis of diabetes (3). Therefore, understanding the molecular
mechanisms involved in the regulation of gluconeogenesis will
provide us with potential new targets to treat diabetes. A variety
of hormones and dietary signals that control glucose synthesis
target the expression of PEPCK, given that this enzyme cata-
lyzes the first committed step of gluconeogenesis (4). In mouse
models, overexpression of PEPCK is enough to induce glucose
intolerance (30), and even a modest reduction in PEPCK
expression is able to ameliorate fasting glucose levels and glu-
cose tolerance (31).

In this report, we demonstrate a new role for the protein
DBC1 in the regulation of gluconeogenesis. DBC1 levels
decrease in the early hours of the fasting state, suggesting that
such a decrease is one of the first events that lead to the onset of
the gluconeogenic program. Mice that lack DBC1 mimic a
fasted state and, therefore, display an increased production of
glucose. Hence, one can infer that the natural role of DBC1 is to
act as a suppressor of gluconeogenesis. Interestingly, Qiang et
al. (32) showed that DBC1 knockout mice are glucose-intolerant
in a normal and a high-fat diet, a phenotype that is in agreement
with our findings. Ours is the first report that presents evidence
that DBC1 levels are regulated in different metabolic states.

FIGURE 4. DBC1 regulates the expression of PEPCK in cellular models. A, HepG2 cells were knocked down with a control (C si) and DBC1 siRNA (DBC1 si), and
the levels of PEPCK, DBC1, and actin were assessed by Western blot analysis. The graph in the right panel is the quantification by densitometry of PEPCK
expression. *, p � 0.05; n � 5. B, the relative amount of PEPCK mRNA was determined by real-time PCR in control- (Csi) and DBC1 siRNA-transfected HepG2 cells.
*, p � 0.05, **, p � 0.005; n � 3. C, FLAG-DBC1 was stably overexpressed in 293T cells. The levels of DBC1 and PEPCK were evaluated by Western blot analysis.
The graph in the right panel is the quantification by densitometry of PEPCK expression. *, p � 0.05; n � 5. D, the relative level of PEPCK mRNA was determined
by real-time PCR in the same F-DBC1 clone. ***, p � 0.05; n � 3.
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Whether this regulation is transcriptional or posttranslational and
which are the signaling pathways involved are a completely new
avenue of research that warrants further investigation.

We have shown previously that DBC1 is important for the
stability of Rev-erb�. In fact, DBC1 KO mice present lower
levels of Rev-erb� in the liver and fat than wild-type littermates
(13). Moreover, we demonstrated that DBC1 modulates Rev-
erb� transcriptional repressor activity and that it is required for
proper oscillations of clock genes, such as bmal (13). In this
work, we unveil further implications of the DBC1-Rev-erb�
axis, particularly in the regulation of PEPCK.

Rev-erb� has recently gained attention in the field of metab-
olism regulation because it connects circadian oscillations to
metabolic adaptations (13). A recent report also implicates Rev-
erb� in the secretion of glucagon (33). Although Rev-erb� has
been linked mainly to the regulation of hepatic lipid metabo-
lism (10, 34), previous articles show that this nuclear receptor

regulates PEPCK at the mRNA level (8, 9). We show that Rev-
erb� levels decrease during the first hours of starvation, an
event that can contribute to derepression of the PEPCK gene.
Our findings support and expand the role of Rev-erb� in the
regulation of PEPCK, stressing the importance of a DBC1-Rev-
erb� axis in the control of metabolic processes. Solt et al. (35)
recently reported the development of Rev-erb� agonists along
with its effects on circadian behavior and some aspects of
metabolism. The authors find that administration of the ligand
SR9009 improve lipid metabolism. However, data on glucose
metabolism are not provided. Noteworthy is that Cho et al. (10)
showed that, in the absence of Reverb-� and �, fasting glucose is
elevated. In light of these findings and the ones presented here,
it would be advisable to study the effect of Rev-erb� ligands on
glucose metabolism, especially in the context of obesity.

Glucose synthesis is regulated in a circadian fashion by the
repressor cryptochrome (36), and the activator Bmal (37).

FIGURE 5. DBC1 regulates the steady levels of Rev-erb�. A, DBC1 was knocked down with specific siRNA in HepG2 cells. Expression of Rev-erb� and DBC1 was
analyzed by Western blot analysis with specific antibodies. *, p �0.05; n �6. C si, control siRNA; DBC1 si, DBC1 siRNA. B, a stable cell line overexpressing FLAG-DBC1 was
generated in 293T cells, and the levels of Rev-erb�and DBC1 were analyzed by Western blot analysis with specific antibodies. *, p�0.05; n�5. C, the stable FLAG-DBC1
clone or the empty vector stable clone were treated with the Rev-erb� antagonist SR8278 (10 �M) for 24 h. The expression of PEPCK was evaluated by Western blot
analysis. The graph in the right panel shows the quantification of the bands by densitometry. *, p�0.05; n�5. D, a stable cell line overexpressing HA/Myc Rev-erb�was
generated in 293T cells. Cells were knocked down with control (black bar) and DBC1-specific siRNA (white bar), and the levels of PEPCK and transfected Rev-erb� were
determined by Western blot analysis. The graph in the right panel shows the quantification of the bands by densitometry. *, p � 0.05.
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Hepatic Rev-erb� levels also oscillate in a circadian way (34),
and we have shown oscillations of DBC1 in cells (13). It
would be interesting to study whether DBC1 expression var-

ies in vivo during the circadian cycle and if this is, in turn,
connected to the oscillations in Rev-erb� and glucose
synthesis.

FIGURE 6. SIRT1 is involved in the regulation of PEPCK and Rev-erb�. A, DBC1 was knocked down alone or in combination with SIRT1 siRNA in HEPG2 cells,
and the expression of PEPCK and Rev-erb� was evaluated by Western blot analysis. The graph in the right panel shows the quantification of the PEPCK and
Rev-erb� levels normalized to actin. *, p � 0.05; n � 4. B, 293T cells were transfected with FLAG-Rev-erb� and treated with 5 mM nicotinamide for 16 h. The levels
of Rev-erb� were assessed by Western blot analysis, and the quantification of the bands is shown in the graph in the right panel. *, p � 0.05; n � 3. C, 293T cells
were transfected as indicated. 48 h later, the protein levels of HA-Rev-erb�, HA-p300, and SIRT1 were evaluated by Western blot analysis. The graph in the right
panel shows the quantification of the bands by densitometry. **, p � 0.01; n � 3. D, 293T cells were transfected with Rev-erb� WT or the Rev-erb� K400A/K591A
double mutant (DM), and the protein levels were assessed by Western blot analysis with anti-HA antibody.

FIGURE 7. Putative mechanism of DBC1regulation of DBC1. Left, we propose that, in the fed state, DBC1 is bound to SIRT1, inhibiting it (light red). Rev-erb�
(Rev) represses the transcription of PEPCK. Center, in the fasted state, DBC1 levels decrease, and it dissociates from SIRT1, which leads to an increase in its activity
(dark red) and a decrease in Rev-erb� levels. These events result in derepression of PEPCK. The mechanism by which SIRT1 regulates Rev-erb� is likely indirect
and not completely understood. Right, in the DBC1 KO model, SIRT1 is active, and the levels of Rev-erb� are low, which results in PEPCK expression. The model
does not exclude the possibility that other targets of DBC1, such as HDAC3, SIRT1, PGC1, and FOXO1 may also play a role in the mechanism of regulation of
PEPCK by DBC1.
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Finally, we observed that SIRT1 regulates Rev-erb� protein
levels, an observation that, to our knowledge, has not been
reported before. In agreement with our observations, Vieria et
al. (33) suggested that, in a pancreatic cell line, SIRT1 is
involved in the regulation of Rev-erb� mRNA levels. On the
other hand, Rev-erb� regulates the expression of SIRT1 (38),
which points to a loop of cross-regulation between these two
proteins. We provide evidence that acetylation/deacetylation
processes regulate Rev-erb� protein levels. However, whether
SIRT1 regulates Rev-erb� by directly deacetylating it, or
through an indirect mechanism, requires further research. One
possibility is that activation of SIRT1 results in repression of
p300, as has been shown by Bouras et al. (39), and that this, in
turn, results in destabilization of Rev-erb�. The precise mech-
anism by which SIRT1 regulates Rev-erb�, and the physiologic
consequences of this regulation, warrant further investigation.

We want to stress that the DBC1-Rev-erb�-SIRT1 pathway
described in this paper may not be the only one mediating the
regulation of PEPCK by DBC1. In the fasted state, and in the
DBC1 KO mice, increased SIRT1 activity could result in
deacetylation of PGC1� (21) and FOXO (28), which would also
result in higher glucose production. Moreover, it is possible
that DBC1 also regulates gluconeogenesis through histone
deacetylase 3 (HDAC3), which is inhibited by DBC1 (16) and
has been shown to promote glucose production (40, 41). In
addition, it could also be that changes in the levels of DBC1, or
changes to its binding partners, result in alterations in the epi-
genetic landscape of the PEPCK promoter. Finally, one can
envision that DBC1 is a coordinator of all these different path-
ways that converge on PEPCK.

In conclusion, we describe, for the first time, a key role for the
nuclear protein DBC1 as a regulator of gluconeogenesis. DBC1
may play a major role in the development of glucose intolerance
and may also have a physiological role in plasma glucose main-
tenance during starvation. We believe that our studies reveal a
new pathway involved in the regulation of gluconeogenesis and
may provide a better understanding of the mechanisms that
maintain body glucose homeostasis during normal physiology
and disease states.
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