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Background: In the fed state, hepatic gluconeogenesis is not completely inhibited by insulin; the mechanism is unknown.
Results: p300 maintains basal glucose production in the liver due to the lack of an insulin phosphorylation site found in CBP.
Conclusion: p300 mediates hepatic glucose production in both post-prandial and fasted states.
Significance: p300 mediates basal glucose production in the fed/post-prandial state may be important for converting gluco-
neogenic precursors into glucose.

A major cause of fasting hyperglycemia in diabetes mellitus is
unregulatedhepatic glucoseproduction (HGP). Insulin suppresses
HGP by phosphorylating CBP and disassembling the CREB-CBP
complex fromgluconeogenic genes. p300 is closely related toCBP;
but in contrast to CBP, p300 binds constitutively to CREB due to
the absence of phosphorylation site found inCBP. In a phosphory-
lation-competent p300(G442S) knock-in mouse model, we dem-
onstrate that HGP is now exquisitely sensitive to insulin suppres-
sion. p300(G422S) and hepatic-deleted p300 mice exhibited
significant lower blood glucose levels in the fasted and post-pran-
dial states, indicating a role for p300 inmaintaining basal HGP.

Glucose is a major energy source for mammalian cells and
takes a central position in metabolism. It is the sole energy
source in some mammalian tissues and cells such as neurons,
erythrocytes, and the renal medulla. Lower blood glucose
(hypoglycemia) can damage these tissues and cells, even causes
death (1, 2). At the other extreme, hyperglycemia can cause
serious adverse effects, which are clearly demonstrated in
patients with diabetes (3, 4). Themaintenance of blood glucose
levels within a small, defined range (70�110 mg/dl, fasting),
therefore, is crucial in protecting organisms against hypoglyce-
mia during fasting and postprandial hyperglycemia.
In response to the fasting, glycogenolysis and gluconeogene-

sis are activated. Glucagon, epinephrine and glucocorticoids
increase hepatic glucose production in the liver directly or indi-
rectly through the cAMP-PKA3 signaling pathway (5). The

phosphorylation of CREB at Ser-133 by PKA, in turn, recruits
co-activators such asCBP, p300, andCRTC2 toCRE containing
genes and facilitates hepatic gluconeogenesis. Both glucagon
and insulin have been shown to stimulate phosphorylation of
CREB at Ser-133 (6), which constitutively occupies the CRE
containing promoters in both fasted and fed states (6, 7). Thus,
phosphorylation of CREB at Ser-133 is necessary but is not
sufficient for modulating hepatic gluconeogenic gene expres-
sion. We have previously reported that insulin and metformin
inhibit hepatic glucose production (HGP) by phosphorylating
CBP at Ser-436, therefore, triggers the disassembly of the
CREB-CBP complex (7); furthermore, the phosphorylation of
CRTC2 at Ser-171 lead to its nuclear exclusion and degradation
(6).
CBP and p300 are closely related proteins that share exten-

sive homology at the amino acid level (�60%), including three
cysteine-histidine rich domains (CH1–3), the CREB binding
domain (Kix domain), the bromodomain, the histone acetyl-
transferase domain, and the SID (steroid receptor co-activator
interacting domain) domain (8–10). Through these domains,
p300 and CBP interact with basal transcription factors and
RNA polymerase II as well as a variety of other transcription
factors to function as scaffold proteins facilitating interactions
among the basal transcription machinery and upstream tran-
scription factors (8–11). The histone acetyltransferase activity
of p300 and CBP modifies histones leading to chromatin
remodeling and transcriptional activation; p300 and CBP also
acetylate other proteins such as FXR, SREBP-1, CRTC2, and
FOXO1, leading to the changes of genes related to glucose and
lipid metabolism (12–15). Gene alterations in CBP and p300
cause various diseases such as Rubinstein-Taybi syndrome and
leukemia (8, 16–18). Here, we report that the constitutive p300
occupancy on gene promoters is important for gluconeogenesis
as it maintains basal hepatic glucose production in the fasted
and post-prandial states.

EXPERIMENTAL PROCEDURES

Plasmids andAdenoviruses—The expression vectors for wild
type (WT) CBP, CBP mutants, and PKA were described previ-
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ously (19). The p300(G422S) expression vector was generated
using site-directed mutagenesis (Stratagene). CH1 domain
mutants linked to the Kix domain of CBP and p300were cloned
into the pCMV-AD vector in the same reading frame as the
NF-�B (Rel A) transcriptional activation domain (Stratagene).
CRE-luciferase reporter vector contains four tandem consen-
sus CRE sites upstream of the luciferase-coding region. The
Pck1 promoter-luciferase reporter was constructed by cloning
the proximal promoter of Pck1 (�490 to �1) into the pGL4
luciferase reporter construct, which contains a CRE site (Pro-
mega). The BLOCK-iT adenoviral RNAi expression system
(Invitrogen) was used to construct adenoviral shRNA for CBP,
p300, and scrambled shRNA as we previously described (7).
Cell Cultures—Lipofectamine 2000 (Invitrogen) was used to

transfect equal amounts of plasmids into mouse hepatoma cell
lines (H2.35 or Hepa1–6). After 48 h of transfection, cells were
exposed either to 20 nM insulin for 2–4 h or 2 mM metformin
overnight. In the two-hybrid assay, 100 ng of pFR-Luc, 10–20
ng of pFA-CREB (full-length), and 10–20 ng of pCMV-AD vec-
tors and/or 100 ng of PKA were transfected.
Glucose Production Assays—Mouse primary hepatocytes

from fedmice (unless otherwise specified) were cultured in six-
well plates with William’s medium E supplemented with ITS
(BD Biosciences) and dexamethasone. Primary hepatocytes
were infected 16–24 h after planting with adenoviral shRNAs.
After 72 h of incubation, cells were washed twice with PBS.
Then, medium was replaced with 1 ml of glucose production
buffer consisting of glucose-free DMEM supplemented with 20
mM sodium lactate and 2 mM sodium pyruvate or with 0.2 mM

8-bromo-cAMP. After 5 h of incubation, both medium and
cells were collected.
Animal Experiments—All animal protocols were approved

by the Institutional Animal Care and Use Committee of The
Johns Hopkins University. For generation of p300(G422S)
knock-in mice, a point mutation in p300 at Gly-422 was intro-
duced using site-directed mutagenesis into the targeting con-
struct; a self-excising ACN cassette was also inserted into an
artificially reconstituted BglII site in intron 5. The linearized
and purified targeting vector DNAwas electroporated into E14
ES (129) cells that were grown in medium supplemented with
G418 to select for those cells in which integration of the target-
ing vector occurred. Southern blot and the PCR strategy were
used to select the ES cells harboring the targeted locus. The
targeted embryonic stem cells were injected into blastocysts
derived from the mouse strain C57BL/6. The blastocysts were
transferred to foster mothers to produce transmitting chime-
ras. The chimeric male mice with the greatest degree of agouti
coat color (�90%) were used to mate with C57BL/6 mice to
generate heterozygous mutant p300 mice. Southern blot and
PCR analysis were used to determine the genotype of the gen-
erated mouse line. The littermates were used to generate WT
and mutant homozygous p300 mice.
For hepatic mutant p300 phosphorylationmeasurement and

tolerance tests, mice were injected intraperitoneally with 1.0
unit/kg insulin, 1.5 g/kg pyruvate, or PBS after fasting for the
indicated time. Adenoviral shRNA knockdown experiments
were conducted 64–72 h after mice were injected with the ade-
novirus (7).

Euglycemic-hyperinsulinemic Clamp Experiment—The clamp
experiments for p300 mutant mice and their littermates were
conducted at the age of 5–6 months. Surgical catheterizations
of the jugular vein were performed with PE-10 tubing. After 3
days of recovery,micewere subjected to 5 h of fasting before the
clamp procedure as described previously (7). Briefly, a mouse
was given 3 �Ci of bolus [3H]glucose prime followed by a 0.05
�Ci/min continuous infusion, and blood samples were col-
lected at 60, 70, and 80min through tail vein nick formeasuring
basal glucose production. Then, we doubled the [3H]glucose
infusion rate, and bolus of insulin was given followed by a 5
milliunits/kg/min continuous insulin infusion, and glucose lev-
els were measured every 5 min. An infusion of 30% glucose was
adjusted to maintain blood glucose at 100–120 mg/dl. Usually,
it took 40–60 min to reach a steady blood glucose level after
starting the clamp. After reached the steady blood glucose lev-
els, three blood samples were collected for measuring the
[3H]glucose.
Immunoblot and Chromatin Immunoprecipitation—Phos-

pho-Ser-436 CBP antiserum was generated against a phospho-
CBP peptide containing amino acids 431–440 of the mouse
CBP protein, which contains identical amino acids as those in
p300(G422S) mice in the region of the phosphorylation site.
The chromatin immunoprecipitation assay was performed as
we described previously (7).
Statistical Analyses—Statistical significance was calculated

with a Student’s t test and analysis of variance test. Significance
was accepted at the level of p � 0.05.

RESULTS

The Critical Role of CBP and p300 inMediating Hepatic Glu-
cose Production andMaintaining Blood Glucose Levels—Previ-
ous study has shown that the depletion of CBP or p300 signifi-
cantly decreased Ad-CRE-luciferase reporter activity in fasted
mice (20). To examine further whether co-activators CBP and
p300 have a similar role in regulating gluconeogenic gene
expression, we employed adenoviral shRNAs to knock down
CBP and/or p300 in hepatoma Hepa1–6 cells co-transfected
with CBP and p300, and conducted CRE-luciferase reporter
assays. We found that depletion of either p300 or CBP reduced
and that depletion of both proteins abolished PKA-stimulated
CRE reporter activity (Fig. 1a). The depletion of CBP protein
led to an increase in p300 protein and vice versa. We next per-
formed glucose production assays in primary hepatocytes.
Depletion of either CBP or p300 decreased cAMP-stimulated
glucose production, whereas depletion of both CBP and p300
reduced glucose production even further (Fig. 1b). The fold
induction of PKA or cAMP was still preserved after individual
CBP or p300 depletion in these experiments, suggesting that
either protein is able tomediate the PKAor cAMP effect (Fig. 1,
a and b). Furthermore, the depletion of CBP or p300 resulted in
decreased mRNA levels of gluconeogenic genes in the liver of
24-h fasted mice (Fig. 1c). To further assess the role of p300 in
mediating HGP, we used adenoviral shRNA through tail vein
injection to deplete p300 in the liver (Fig. 1d). Depletion of p300
significantly reduced blood glucose levels in both post-prandial
and fasting states (Fig. 1d). These data indicate that p300 func-
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tions in maintaining blood glucose levels in both fasted and
post-prandial states.
Constitutive p300 Gene Promoter Occupancy Maintains

Basal HGP Due to the Lack of a Phosphorylation Site Found in
CBP—Because depletion of p300 in the liver led to lower blood
glucose levels in post-prandial and fasted states (Fig. 1d), we
examined the binding of p300 to hepatic CREs. Hepatic protein
levels of p300, CBP, and CREB remained unchanged in mice
during a 24-h fasting period (supplemental Fig. S2). However,
fasting increasedCBPbinding to thePpargc-1 gene promoter in
a chromatin immunoprecipitation (ChIP) assay, reachingmax-
imal binding by 6 h (Fig. 2a) and consistent with our previous
finding that non-phosphorylated CBP reassembles the CREB
co-activator complex (7). In contrast, the binding of p300 and
CREB to the CRE site of the Ppargc-1 gene promoter was
unchanged. We then examined hepatic p300 and CBP gene
promoter binding in fasted and refed mice. In agreement with
our previous report, CBP was absent from the Ppargc-1 gene
promoter in the liver of refed mice (7), whereas p300 constitu-
tively bound to theCRE site independent of the nutritional state
(Fig. 2b). Furthermore, intraperitoneal insulin administration
decreased binding of CBP to the CRE site but had no effect on
p300 binding to the promoter (Fig. 2c). CREB and p300 did not
bind to the proximal region ofGAPDHpromoter inChIP assay,
demonstrating the specificity of this assay (data not shown).

CBP and p300 are highly homologous proteins and have sim-
ilar functional domains (Fig. 2d, upper panel). Compared with
CBP, p300 lacks the insulin phosphorylation site found in CBP
due to a one-amino acid difference (Fig. 2d, lower panel). This
amino acid difference has also been proposed to affect the
length of the�4 helix of the CH1 (also namedTAZ1) domain of
these proteins (21). To gain insight into how theCH1domain of
CBP may affect binding to CREB via the Kix domain, we fused
full-length and truncated CH1-Kix domain fragments down-
stream of a transcriptional activation domain of NF-�B (Rel A)
in an expression vector (Fig. 2e). By using these constructs with
Gal4-CREB in a two-hybrid assay in Hepa1–6 cells, we found
that the CH1 domain (�[1–4]-helix) was completely dispensa-
ble for the binding of the CBP Kix domain to CREB (Fig. 2f). To
support this notion, we also deleted the first three �-helices in
the CH1 domain of full-length CBP to match a mouse model
where CH1 domain deletion was made in the germ line (22).
Compared with wild type CBP, the deletion of these �-helices
did not affect PKA-stimulated CRE-luciferase reporter activity
(Fig. 2g and supplemental Fig. S3a); additionally, insulin treat-
ment decreased reporter activity in cells co-transfected with
truncated CBP in the presence or absence of PKA (Fig. 3a).
These data do not support the conclusion that the first two
�-helices of CH1 domain are important for CREB binding (22).

FIGURE 1. Important role of CBP and p300 in regulating hepatic gluconeogenesis. a, adenoviral shRNAs mediated knockdown of CBP and/or p300
suppressed PKA-stimulated reporter activity in Hepa1– 6 cells co-transfected with CBP and p300. Adenoviral shRNAs were added into each well 16 h after the
seeding of cells. After 6 h of incubation, plasmids (100 ng of pcDNA, or 50 ng of CBP plus 50 ng of p300 per well) were transfected by using Lipofectamine 2000.
b, depletion of CBP and/or p300 decreased glucose production in primary hepatocytes. c, hepatic gluconeogenic enzyme gene expression levels in either WT
mice sacrificed at post-prandial state or after 24 h of fasting (n � 5) or in mice with adenoviral shRNAs mediated depletion of CBP or p300 and sacrificed after
24 h fasting (n � 4). d, adenoviral shRNAs mediated depletion of p300 significantly lowered blood glucose levels in post-prandial and/or fasted states (24 h) (n �
4 –5). The y-axis has been broken and begins at 40 mg/dl. Veh, vehicle; Ad, adenovirus; Luc, luciferase; SCR, scramble.
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Because the phosphorylation site of CBP at Ser-436 resides at
the end of �4-helix of the CH1 domain (Fig. 2, d and e), we next
asked more specifically whether phosphorylation of this site
would affect binding of the Kix activation domain construct to
CREB. We found that both insulin and metformin treatment
decreased Gal4 reporter activity in cells co-transfected with an
activation construct containing an intact Ser-436 phosphory-
lation, but not with a mutated construct (Fig. 3b and supple-
mental Fig. S3b), supporting our previous finding (7). However,
p300 lacks this phosphorylation site found in CBP and consti-
tutively binds to CRE site (Fig. 2, a–c). To determine whether
the constitutive binding of p300 to CRE site is due to lack of the
corresponding phosphorylation site in CBP, we constructed an
activationdomainvectorof p300bearing anartificial phosphor-
ylation site at Gly-422. Using the Gal4-CREB in a two-hybrid
assay, insulin treatment significantly decreased reporter activ-
ity only in cells co-transfected with the construct bearing an
artificial phosphorylation site (Fig. 3c). We further compared
the effect of co-transfected full-length WT and mutant CBP
and p300 expression vectors on either a CRE luciferase reporter
in H2.35 cells or a Pck1 promoter in Hepa1–6 cells with or

without insulin treatment. Co-transfection of CBP(S436A) and
WT p300 led to greater stimulation of reporter activity when
compared with co-transfection of either WT CBP or
p300(G422S) (Fig. 3, d and e). Insulin treatment decreased
reporter activity in cells co-transfected with WT CBP or
p300(G422S) but not in cells co-transfected with CBP(S436A)
orWTp300. The above data suggest that insulin does not affect
WT p300-mediated CREB activation due to the absence of this
phosphorylation site.
By using a mutant mouse model containing a putative CBP

knock-out allele (23), Bedford et al. (22) showed that thesemice
had normal glucose metabolism, arguing that CBP is not
important in mediating this process. In this mutant mouse
model, exon 9 of CBP was floxed; and if this exon is deleted by
cell-specific recombination, a frameshiftmutation is generated,
and a new stop codon is introduced in exon 10. The authors did
not formally exclude, however, that the first 8 exons (1–607
amino acids) of CBP are still expressed in this CBP knock-out
mouse line. The first eight exons cover the entire N-terminal
activation domain and part of Kix domain (Fig. 2, d and e), and
strongly activate reporter activity in CRE-luciferase assay (Fig.

FIGURE 2. Constitutive p300 binding to CREs due to lack of a phosphorylation found in CBP. a, the binding of CBP, p300, and CREB to the CRE site of the
Ppargc-1 promoter in the liver of mice during a 24-h fasting period. b and c, the occupancy of CBP, p300, and CREB on the CRE site in the liver of fasted (16 h)
and refed (2 h) mice (b) and in the liver of insulin treated mice (intraperitoneal) (c). d, the schematic structure of CBP and p300 (upper panel). The conserved CBP
phosphorylation site at Ser-436 (mouse) does not exist at the corresponding site in p300 (lower panel). e, the protein levels of constructs with serial deletion of
�-helix in the CH1 domain of CBP in Hepa1– 6 cells; �-(1– 4)-Kix helix was masked in endogenous NF-�B Rel A. *, endogenous NF-�B Rel A. f, the effect of
�-helices in the CH1 domain of CBP on the binding of Kix domain to CREB in a two-hybrid assay. g, deletion of three �-helices in CH1 domain had no effect on
CBP stimulated CRE-luciferase reporter activity in Hepa1– 6 cells. Each lane represents an individual mouse sample (a– c). Luc, luciferase; AD, adenovirus; CON,
no vector; SID, steroid receptor co-activator interacting domain.

Co-activator p300 Mediates Glucose Production

32072 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 38 • SEPTEMBER 14, 2012

http://www.jbc.org/cgi/content/full/M112.385864/DC1
http://www.jbc.org/cgi/content/full/M112.385864/DC1


3f), and insulin treatment inhibited the reporter activity (Fig.
3g). Thus, the possible expression of first eight exons in their
CBP knock-outmicemay still be able tomediate gluconeogenic
gene expression. Interestingly, their CBP knock-out mice also
exhibited increased p300 binding to the CRE site, suggesting
that p300 may play a compensatory role (22).
Reconstitution of a Phosphorylation Site in p300(G422S)

Knock-in Mice Results in Lower Blood Glucose Levels in Post-
prandial State—Having seen that p300 is an important media-
tor of gluconeogenic gene expression and gluconeogenesis (Fig.
1) and that insulin treatment had no effect on reporter activity
when co-transfected with WT p300 (Fig. 3, c–e), we generated
a p300(G422S) knock-inmousemodel bearing a reconstituted a
PKC phosphorylation site found in CBP (Fig. 4a). p300(G422S)
knock-in mice have similar growth rates, body composition,
food consumption levels comparedwithWT littermates (Fig. 4,
b and c, and supplemental Fig. S4a), and hepatic protein levels
of CREB, p300, and CBP were not different betweenWT litter-
mates and p300(G422S) knock-in mice (supplemental Fig. 4b).
p300(G422S) knock-in mice, however, displayed lower blood
glucose levels and lower serum insulin levels in the post-pran-
dial state when compared withWT littermates (Fig. 4, d and e),

but prolonged fasting led to the disappearance of lower blood
glucose levels found in p300(G422S) mice (Fig. 4d). This rela-
tive hypoglycemia in p300(G422S) knock-inmicewas also asso-
ciated with significantly lower mRNA levels of gluconeogenic
enzyme gene in the post-prandial state (Fig. 4g). Even though
we examined the mRNA levels of Ppargc1 and Pck1, other
enzyme(s) in gluconeogenic pathway may be affected in
p300(G422S) knock-in mice as well. p300(G422S) knock-in
mice also exhibited decreased glucose production following
injection of pyruvate (Fig. 4h,i). In a cycloheximide assay, the
introduction of a phosphorylation site in p300 did not affect its
protein stability (Fig. 5a). Moreover, the levels of mutant p300
protein did not change in different nutritional states (supple-
mental Fig. S4b). The phosphopeptide used to generate the
phospho-CBP-specific antibody contained the same amino
acid sequence found in mutant p300. Therefore, this phospho-
CBP antibody should also recognize the mutant p300 site.
Because CREB, CBP, and p300 could co-exist in the same com-
plex in the liver of fasted mice (Fig. 5b), we used adenoviral
shRNA to deplete CBP in the liver of fasted mice to determine
whether p300(G422S) can be phosphorylated. Insulin andmet-
formin treatment phosphorylated hepatic p300(G422S) in the

FIGURE 3. Insulin cannot inhibit p300 stimulated CRE-mediated reporter activity due to lack a corresponding phosphorylation in CBP. a, CBP with the
deletion of three �-helices in CH1 domain still responded to insulin treatment in Hepa1– 6 cells after 16 h of serum starvation. b, an intact �4-helix in the CH1
domain of CBP is required for the suppression of reporter activity by insulin in Gal4-CREB two-hybrid assay (right panel). Left panel, the protein levels of fusion
proteins. *, endogenous NF-�B Rel A. c, insulin had no effect in WT p300-stimulated reporter activity in Gal4-CREB two-hybrid assay. d, insulin failed to suppress
PKA-stimulated CRE reporter activity in H2.35 cells co-transfected with CBP(S436A) or WT p300 expression vectors. The protein levels of CBP, p300, and their
mutants after 48 h transfection are shown (bottom panel). e, insulin treatment had no effect on PKA-stimulated Pck1 promoter-luciferase (Pro-Luc) reporter
activity in Hepa1– 6 cells co-transfected with 200 ng of CBP(S436A) or WT p300 plus 100 ng of CREB expression vectors. f, first eight exons of CBP stimulated
CRE-luciferase reporter activity in Hepa1– 6 cells (upper panel). Protein levels of truncated CBP and PKA are shown (lower panel). g, reporter activity stimulated
by the first eight exons of CBP, containing a partial or full Kix domain, was inhibited by insulin in Hepa1– 6 cells. a.a., amino acids; RSV, RSV empty vector; CON,
no vector.
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absence of CBP in mutant mice (Fig. 5c). To confirm further
that mutant p300(G422S) is phosphorylation-competent, we
overexpressedWT or mutant p300 in CBP-depleted hepatoma
cells (Hepa1–6) and treated with metformin. Metformin treat-
ment only phosphorylatedmutant p300 and notWT p300 (Fig.
5d). The above data clearly demonstrate that mutant p300 is
phosphorylation competent. Consistent with this result, we
observed increased phosphorylation of CBP and p300 in the
liver of p300(G422S) knock-in mice when compared with con-
trol mice (Fig. 5e). Additionally, phosphorylation of CBP and
p300 persisted for a longer time in the p300(G422S) knock-in
mice than inWT controls during a fasting experiment (Fig. 5f).
The time course for CBP and p300 dephosphorylation corre-
sponded to the disappearance of lower blood glucose levels in
p300(G422S) knock-in versusWTmice (Figs. 4d and 5f).
The binding of p300 to the CRE site is independent of the

nutritional state (Fig.2,a–c), andp300 lacksanaPKCphosphor-
ylation site found in CBP, we aimed to determinewhether insu-
lin treatment would lead to dissociation of p300 from the CRE
sites of the Ppargc1 and Pck1 gene promoter in mutant mice.
Indeed, unlike WT p300, mutant p300 was absent from the
Ppargc-1 promoter (Fig. 5g, left panel) and Pck1 promoter (data
not shown) after insulin administration. We assessed the bind-
ing of p300 andCBPon theCRE site ofG6pc gene promoter and
had a similar pattern of changes as on the CRE sites of Ppargc1
and Pck1 gene promoter (Fig. 5g, right panel). Mutant p300 was
absent from the CRE site of the Ppargc-1 promoter in the liver
of refed mice (Fig. 5h). To further support the notion that the
introduction of a phosphorylation site in p300 resulted in the
decreased hepatic glucose production, we conducted glucose

production assays in primary hepatocytes. Hepatocytes from
p300(G422S) knock-inmice produced significantly less glucose
than hepatocytes from control mice in both basal and cAMP
treatment groups (Fig. 6a). Primary hepatocytes from 24 h
fastedWT and p300(G422S) knock-in mice produced an equal
amount of glucose after 24 h of culture in serum starvation
conditions (Fig. 6b), which further substantiates the results that
prolonged fasting led to the disappearance of the lower blood
glucose levels in p300(G422S) knock-in mice. In agreement
with the notion that fasting led to the disappearance of lower
blood glucose levels in p300(G422S) knock-in mice (Fig. 4d),
basal glucose disposal rates in the euglycemic-hyperinsuline-
mic clamp did not differ between p300 mutant mice and litter-
mate controlmice after 5 h of fasting (Fig. 6c). During the clamp
experiment, both glucose disposal and glucose infusion rates
were significantly increased in p300(G422S) knock-in mice
(Fig. 6d), demonstrating enhanced insulin sensitivity in the liver
as well as peripheral tissues. A major cause for enhanced sensi-
tivity was hepatic because glucose production was completely
suppressed in p300(G422S) knock-in mice but not WT litter-
mate mice at the insulin concentration used in this study (Fig.
6d, right).

DISCUSSION

An unexplained observation in humans has been that gluco-
neogenesis is not completely suppressed even in the presence of
excess insulin (24–27). We and others (7, 19, 20) have shown
that CREB co-activators play critical roles in maintaining fast-
ing blood levels (Fig. 1). In the current study, we found that
depletion of hepatic p300 resulted in decreased hepatic mRNA

FIGURE 4. Characterization of p300(G422S) knock-in mice. a, generation of p300(G422S) knock-in mice. A representative Southern blot is shown. b and c,
body weights (b) and body composition (c) of p300(G422S) knock-in mice and littermates (n � 4). d, blood glucose levels of WT and p300(G422S) knock-in mice
during the period of 24 h fasting (n � 5– 6). e and f, serum insulin levels in post-prandial and fasting states (16 h) mice (e), and fasting glucagon levels (16 h) (f)
(n � 5– 6). g, p300(G422S) knock-in exhibited lower mRNA levels of Ppargc1 and Pck1 gene in the liver. h and i, pyruvate tolerance test in mice fasted for 3 h (n �
6) or 12 h (n � 4). Asterisk signifies that groups with same treatment are significantly different (p � 0.05). 2 mos, 2 months; mut, mutant; p300KI, P300 knock-in
mice.
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levels of gluconeogenic genes, lower blood glucose levels in the
post-prandial state and fasting stages (Fig. 1). These data sug-
gest that p300 is an important co-activator in regulating gluco-
neogenesis. CBP and p300 are closely related proteins, and one
might predict that they would have similar biological function
at the CRE site. Alignment of the amino acid sequence of CBP
and p300, however, reveals that Ser-436 in CBP corresponds to
Gly-422 in p300, indicating that p300 is not phosphorylated at
this site (Fig. 2d). As the phosphorylation of CBP at Ser-436
leads to its dissociation from the CRE site of genes important
for gluconeogenesis, the lack of phosphorylation at Gly-422 in
p300may lead to constitutive occupancy of p300 on the CRE of
target genes. Indeed, p300 constitutively binds to the CRE site
such as the Ppargc1 gene promoter in both the fasted and refed
states (Fig. 2, a and b). However,mutant p300 is absent from the
CRE site in the refed state or after insulin treatment in
p300(G422S) knock-in mice (Fig. 5, g and h).

Because insulin phosphorylation of CBP and p300 in
p300(G422S) knock-in mice persisted for a longer time in
mutant mice (Fig. 5f), we conducted pyruvate tolerance tests at
different fasting time points to evaluate the role of this phos-

phorylation event in regulating gluconeogenesis. In the pres-
ence of significant amount of phosphorylated CBP/p300 (3 h of
fasting), mutant mice produced less glucose than WT control
mice during the entire experiment; in contrast, in the absence
of phosphorylated CBP/p300 (12 h fasting), mutant mice pro-
duced equal amounts of glucose over the first 60min of the test
(Fig. 4, h and i). We suggest that the reduced glucose produc-
tion in the latter half of pyruvate tolerance test in p300(G422S)
knock-in mice after 12 h of fasting is due to subsequent secre-
tion of insulin and enhanced inhibition of gluconeogenesis in
these mice. Moreover, depletion of hepatic p300 led to lower
blood glucose levels in the fasted state (Fig. 1d), whereas the
lower blood glucose levels disappeared in p300(G422S)
knock-in mice after prolonged fasting (Fig. 4d) because of the
dephosphorylation ofmutant p300 (Fig. 5f). In other words, the
phosphorylation of CBP and p300 in p300(G422S) knock-in
mice resulted in dissociation of both co-activators from gluco-
neogenic genes and suppression of gluconeogenic gene expres-
sion in the post-prandial state, leading to lower blood glucose
levels. Although the p300(G422S) knock-in mice harbor an
artificial phosphorylation found in CBP, the characterization of

FIGURE 5. The introduction of a phosphorylation site in p300 leads to its dissociation from hepatic CREs after insulin treatment. a, after 36 h of
transfection of p300 and p300(G422S) plasmids, Hepa1– 6 cells were then treated with cycloheximide (CHX; 50 �g/ml) and harvested at the indicated time
point. b, co-immunoprecipitation of CREB, p300, and CBP in liver of 24-h fasted and fed mice. c and d, phosphorylation of mutant p300 by insulin and metformin
in the liver of fasted p300(G422S) knock-in mice (c), and by metformin in Hepa1– 6 cells co-transfected with p300 or p300(G422S) plasmids (d) in the absence
of CBP. e, phosphorylated CBP/p300 in liver from mice in the post-prandial state. f, phosphorylated CBP/p300 in liver from mice during fasting (each lane
represents a pooled sample of two mice). Because CBP and p300 have a similar molecular weight, they migrate at the same position on Western blot analysis.
g, the occupancy of both CBP and p300 on the CRE sites of Ppargc1 and G6pc gene promoter was reduced by insulin treatment in the liver of p300(G422S)
knock-in mice. h, The occupancy of CREB co-activators on the CRE site of the Ppargc1 promoter in the liver of 16-h fasted and 4-h refed p300(G422S) mice. E.v.,
empty vector; ADU, arbitrary density unit; p300KI, P300 knock-in mice; ab, antibody; SCR, scramble.
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this mouse model proves the importance of non-phosphory-
lated p300 in driving hepatic gluconeogenesis. Hepatic gluco-
neogenesis during the post-prandial and fed states has impor-
tant implications for converting gluconeogenic precursors,
such as lactate, fructose, and amino acids delivered from gas-
trointestinal track and other tissues, into glucose that can be
stored as glycogen or released into blood as glucose, especially
when consuming a high protein diet.
CREB co-activators have a cooperative effect in regulating

HGP. In the fasting state, the dephosphorylation of CBP and
CRTC2 by glucagon stimulates the association of these two
co-activators to CREB (7, 20). Moreover, the dephosphory-
lation of p300 at Ser-89 and CBP at Ser-78 in the fasting state
results in the activation of their histone acetyltransferase activ-
ity (20, 28). The acetylation of CRTC2 by the histone acetyl-
transferase of p300 and CBP, in turn, increases the protein
stability of CRTC2 and inhibits its nuclear exclusion. Cumula-
tively, p300, CBP, and CRTC2 work together to mediate gluco-
neogenic gene expression and maintain hepatic gluconeogene-
sis in the fasting state. In the fed state, insulin suppresses HGP
in part through the phosphorylation of CBP at Ser-436. This
phosphorylation event leads to the disassembly of CBP and
CRTC2 from the CREB complex. Furthermore, the phospho-
rylation of p300 at Ser-79 and CBP at Ser-78 by insulin
decreases their histone acetyltransferase activity (20, 28) as well
as the acetylation of CRTC2 and facilitates the nuclear exclu-

sion and degradation of CRTC2 in the cytoplasm (20). We pre-
viously reported that the activation of AMP kinase by met-
formin phosphorylates CBP at Ser-436 via aPKC�/� (7). A later
study showed that the activation of AMP kinase also results in
the phosphorylation of p300 at Ser-89 through aPKC�/� (29).
Together, insulin and metformin phosphorylate CBP at Ser-
436 and disassemble CBP and CRTC2 from CREB. In addition,
the phosphorylation of p300 at Ser-89 and CBP at Ser-78
decreases their histone acetyltransferase activity and increases
the degradation of CRTC2. We propose that these phosphory-
lation events are important for the suppression of HGP.
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